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« Abstract

bfe é@ _I&Te‘asu;r_".en‘xe_nt's rave beén performed on the phéi;oeonducf;ivii;y‘ of pressed
g! and sih,‘c;ei'ed 'sample's.of zinc-~oxide pow&?r at room and at li—qu-id e;ix" température.
?; ) The bekavicr of the 1llam:m atad mawerlaﬂ as a fuhction of *’ime, iacident light
f{% intensﬁ:y,‘and frequencv of light modulatlon indicate the existence of seversl
?,, P méchanisms smuxataneous ly partwipating in the photoconductive proces .a gloy
: L ] bimo-le-cul_ar pr.oc_ess hav:g.n_g a cjie'cay constant of 50 minutés, 5 monomolaculsr Prow

_cess baving a decay constent of atout § minutes, and a monomelécular process of
- 0.3 sececond dscay c'onst‘ant, The existence of processes of time constants of the
“eraer oi‘ one minute and of several mﬂla.secon‘“ is also suspected. The maximvm

. , o) .ol
_of pho’toconductivity oceurs at th_e ftmdamen-‘cal ZabSo_J_.'ption edge (3900 A) of the

S material. Pho;ééionductive response in several impure crystals ie also reported,
e _ Tha theotry 01 the p‘lotocouductiv ess is aevelof)ed; and two cal-

P
culatlons are dmmﬂ’n 4.  The first isa me ho of dg;teﬁm_ininé the incremental
response in a rlax‘-.-ger d.afk-curren—tl semi-cond_ucto_rl and indicetes that the existence
'_ of an impurity or ‘ii'iap level in %he:‘i“érbi'ddenrband i’!e'gic;ﬁ cén _gl_{lw‘r'ef rhde 1o WO,
J~e_xp'o_nlen_ﬂ;iél. giroc_:e§ses)ih"tlie ‘rise or dscay of phbﬁoééﬁduc%i-dn. Tneseconi cai—‘

culation uses a method of successive approximation %o show that essentially %he

sously. Appllcdumn of these models is made 5] the sintered-zinc—oxzde aata, ’

The_exi stonce»oﬁ_.an unnuritv-ieyel anprgximately O.L? ev.;nﬂow the cop.duction

o — = o — [ ==

band is thou h’r: to be m ngreemen’c with tb° cunductlv;.ty data of Hah:a and Mlller.

I% is suggested 'tb._-a-t this set of states may exist gﬂ the interi‘a»es rathpr than

L3

m the bulk of the s:.nuered matemal and thdt tho zecombinablon. of electrons

feom this l«emel to the m.illéd. bend r_e,gi-on cr *{;Q ac«tiva’cor_s- lying at the edge of
’ : ' o)
the forbidden band may bs responsible for the observed long-wave length (5100 A)

lam%a‘z_asce‘nt band. L ’ oo . . T

SRR T I SRR T ITION T L al TR T T e e ot v T DTN DT ST ol e

same mo_@.el ean give rise to a bimolecular and a moncmolecular process .S;Multan-f )




.._g}:\_ _1 i :"_"_i; - ::,__'_,‘ D e g e e TLL";"" R S oo
x s R G U » . - - *
o T. Probars mmg cﬂ, ,,mﬂwﬁzlde Samicc,nqus 31y - _ L :
S = T T T - - : .
Qi ' )
oot L DT hing-azide as. commerma.u,y obtainad is & rmite powdel exhﬂn-tinz

. §a°5‘1~igible éonﬁuctivlty or .vlsibl-e .’n.zmuzaes"ence‘a prever, when the pomer is

J baked in az,r or in a reﬂucing atmosphe:ce2 QL wheﬂ Jzayers are nrsnamd b-' denosii;ion o
o ' from»ala flame, the material n;a, be whi'ca oT yall.ow or even black: an& emi s:‘ v
5 txgi;z;f _semicanductmg 5%.'?):{3-81‘_%:‘.;38. Thls change 1n-;:propertiea is th»ugh‘t to be. _

g ‘5‘ -éue bo lrfi'ﬂins:-aff oxygen from the 1a'ttie'e structure with ths conssquent f‘ormation

; "- of 1n*aerstitial zint. in the wur"i'i;e structure “1"2,0,

_ “ In measurements of 'the conductiviﬁy cfr sinterea materi;L'_’ ;rao rans:es arc;

found in which a p10b of ln c“ versus /T is ruughly linea:c, the .i.cwsv range

w ror T 25°c m Which an activation energy of 02-.04 ev, is meast.red,é( ax;_c;-the N .

PR _hzgg ar-r j‘_gc_; for 300°”_ 1L 10400— K in which an getivation enerey of grom_,_,l‘.,éc o

2.4 ov. is measured.? The Hall effect and Sesbeck a.m.f. indicate n type behavior

e With peglizibie hels g;p_:w’iifi%.;gn;:j - - - = )
ol : Measurements of the eptical trsnsmissmn. in the baked materia16 and in - -
e, - o -1
’ mpurn sz.ngle crystal mdicates an ultra~v1olet absorptlon edge at &bc' % 3800 & i
vite ‘o . - . B

wa.*h &4 shift $o 1arger anelengths with 1ncrea ing :be‘mperatture of about -'1 .A_;;er

-

D L

e degﬁee Cent:.grade at Toom temperature. Measurements on evaporatsd 'lqye:sgv“‘
5 -0 - '
md&cauegs an absorption adge at 3850 A. .

-
3

“ o Sim,tered zine-oxids exﬁxbits a’ lummescagt emission in & naz:;'o ulmaa_' o | ,
e j%i?g};s;z;’gg;;ed ot ms ;;;;gpm vite.? Zino-omias prepered with sttistonsd ||
e intex’*sfzitial zine ethibits in addition a broad emissian banc. peaked at about .
;:-*’2.7":_%‘7;-? ISTLOG A,w 117 "ihe shift of ‘the ultra-violet band 88 a function of tempera‘cure ig

) ) KI})

the same as ‘bhab rcr the: absorpulon edze. 0 - . e )

e 4

‘I’he photoconducm,vzty &8s onserved by mouwo’?' on evaporated layers and

A¥)

b

mt s nreseat DEPOT on s...ntevad and cr:sfstallme bulk mater:m'l also. mdlcates a

o3 ;- sponse at the aosorn'ﬁlon edge. . .’fhgs._‘.;h@ra is. gé,aé-_"_é.l gg;aemag* ﬁhgt";,,,,

N

gt

B

WZ’

wz.dth of the forbid&en &&p is about; ey, 9018 although Sj.ei-_t::s'”-ss*l g +theoreticak

'i
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= : e
f A;fj asslmste wssfssou; Lé‘é#. ;mhe‘pﬂobl@m of éhe nat&ré‘nﬂd_éistiihﬁﬁiagsgfigiéf__‘H~ (
g B | impurity levels id however completely unsettled &8 yet 2,3,5,13
o .
L% Li;__;i.;; ]~ The samples used in fhe prssent 1nvest1gatlon were preyareu‘ny;cqmr' ]
f g I-’re;sing Ivi‘e'fck‘ C.P. ot spectroscopically pﬂre Zlnc—oxlde powder ABHC briguets | o
; ( m,w.%;” Jong X% % wide x 1/16" fhlck at between lOOO ana ié:g es ;e The b?«quem :‘ o
é L were then baked at temperau"**s ranglng from LOOOOC to 120000 éé&@ 70 minutes ts o
i% . 6% hours. ”"y’pical baklng cycles are, shcwn in Figure 1. It was f“aunc. svper_men‘o:w e _
;%é ; . iall* that si ifi agt nreases in Iorming pressure did not notlceably increase RN
‘2 ‘i she'samp;e @ensiﬁy‘but,diﬂ cause ;n ncreasu in cracks and shearlng stresscs 1n ) :
Téé ﬁ%%$:3;;§%. s@nnle bugansg;of uneven packing ef the pcwder,> Samnles baked within tho Biue ; .
Té | - and tempesature schedule given ranged in ro 7 venmperature re31stance ,etween losum ﬂku*_i:
-,g “end 102 ohms, the Pes 1sssnce decreasing with anreas ng tamPPT"“‘e or ?imé-’ I ‘i?
;*-,?: : Se:n_ples baked for short times or at low temperatures 41@ 1ot sinter into the
| Au.¥f. (typi@&lfchina-like maierlal and do badlDit room +emperature resistances avove the
'W~meg9hm range. Samples baked in excess of 120000 possessed exmremely hlgh conduc— P
.j:'ff;. : t1v1ty because -of therlarge amounty of xntarsultxal zinc formed and tended to _ t
_ﬂ _ ' react w1th the usually inert furnace SLpport, ‘which consisted of an alumdum - f SR
i plateﬂ NeitLer type of-sanpla eghibited:measurable pho‘oqconduc‘olv;ty° -
g - h,‘ - Arter ’1':a’l.‘:'i:‘z'r,sz...‘t;‘he_~ amples were polished 1nto reotaneular narallele‘ifst_:g;;m j
'gi i'fva_;_and were dippeu 1nto nltrlc a01d to vemove the yellow surface Laye;;zg§§fgdsz_m; : -
- . B e S|
f? pollshlng.§ 214 After washlng and drylng, the ends of the sample weres eLeetro-
' élat@&‘withfnlqkel,c@nxaots.'}scads we;e soléere« t0' the nickel contacts wiéﬁ‘ - “
YWood s mstal alloy tH avo .3 changing the sample charactéristics by Yoecdl heating L ':%
durlng the selderlng process. E R - - T T S — :
SevéralAimpur@ but Qoﬁorless singﬂévcrys%als which had beenr obtained
fxam accidental growths 1n commercial furnaces gsgﬁ for the production of zine-
| ox1de were electro ted, fiom g cyenide solution,with copper contacts Po whi ~h\ §

e

ﬁ————,_-‘——-..——-.m—_——

Ou+a1ned fram Vew Jefsav Zinc Company, Palmerton, Pennsylvania. : i 5

L weama e el e, S 0T W e AR e e
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% B s - - :

| ooty et ffi?i.%%lf_‘?f?_i e e

g W showed less than l% change in resistancg upon reversmg the polarity of anv anplieé .

§ ] voltaét;, —- o S B .1 , ) : -

. i%# _ o o The samples W?I'e then ccmenued" to a thin 1ayer of mica attached to the _
g P  copper ‘plovis-of Lhe- :ﬁ?ﬁi “"“ﬁ"""‘“"”z—’:i “"'" ”‘“"*’ oo “’M ""‘“ D
i i . ‘jﬁﬂsamplg temﬂparatqr\e“wa\s detexm;nau ny a cnrome.x.-a.uunéx vaemom;upa.e’ av t‘é "ﬂ‘ 3 ‘“év a-;" I

é ' . d.tmmy fsampi'éx a;s _shovm‘. Au a.;:temal heéter which fltﬁed into the air reServoir :Nzto - '
%: T used o ob’t-;* tegperatares ‘ntemvaiété tc room and liquid air temyefa:ﬁ?é-f:: T ':
E fqre—-v-acuugx was méihtéined to 'prevent condensation on the sample. ) )
é Seve:cai sampi_es showed an ing_:__r.eése, in resigtance durmg cycling bnuween
;% J roop and liquid air %amj; ature . (See Fz..re_ g) .A.‘. tentative e@léﬁ:&f ion £or ‘tms:'; -

% ; effect is that eracks or defomatz.ohs were produced in ther sample by the 'tlie’imell S
? stra jré induced. - B _ S S * S
) 3 . . Anothe;. 1nteresting phenomenon wes a siow 1ncrease of re ‘i tance of the o

?&j ‘ __ samples of the order of 8 to 15 mlnutes half lii\. after the themocouple naa T

it .

Q 1ndlcat°d that the sample“ had come to thermal equilibrium with llqulo. air temper-

% _ature 3_1__1_ the dark. (See Figure 4) 4An 1nterpretat10k of this eifect *"111 be given

gé in a later section.

b :

’*“'ij With suitable prGCaufhion's to minimize the effect '%hown in Flgure 3 and
BT ,,,;.;;;;1;;;;;;:;:5 quilibriun, the conduchivity was measured as a functlon of the
~ 2 = . o T T—
_;_: . température By ¢ocling $aé 5amples 0 11quid air temperaturcs and SHen LU .
i . e
i., - the conduetivity in the dark. durlne: the slow Teiucih to room t;émp.efatuﬁﬁ. A tﬂncal_, — _:_i
M% set oﬁ‘ curves for sin _ere'd. %axerlag 1.3 shown: in Figaré 5. .‘_I?hégse 7r>‘\41rve‘s' parala;el_ ) E
., % tnoé.'a found by ’Hah_n5 on sinterad 'zj:'mc':-'c_ug‘ici-‘c_é.° e are thus Iteasonab,ly eceftain that :
S we ‘arc doaling with an n-type semiconductor of férbidaen gap width about 3 ev, :

% R - = = —r-.a,.':.-,,--.'-i-—,.-._-.«..,_......‘...-..;«..:.......,,
7’-" Bakell-'te Puober Cémlenﬁ; Bb hésé Békéli*'e Corp., proved very satisfactory for .
the room to ligquid air temperature range: i

R ST e B R e e

R B T T T e 0, B iy - e T s vy s e T TR T TN RN Tt T | i Y W PS8 G RS Eopr ey o gl N i i i
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&~  II. Photoconductivity of Zinc-Oxide:

- e 2 e 0 2
R 3 Se e S .
1 o
29 .
Ty
!
1
f
{
L1

Pheﬁo'coﬁducﬁvity occurs in a watorial when incident radiant -energy

Ve

llbe aies charge carrlers whlch are t‘ree to move in an extemally appiicd 'elect:eie

f:.ela. Exp.erimentaL y, pho;cconducta.wty mamfes’cs 1’cself whenever the applicatmn

B AR A ke
:

oy
-~

- e - . . A s
f B B of radlant‘ ezaergy to am;n_ ic:::{e} ca.p ;,e,s,f,,hi pfes_ege ui ilyierge*\_or °dd tmnal c&arge)
é o in an ex«ternal circult app yiAg an electric field to the matenal. : i s -
B -
ﬁ;fﬁ e Understan ding of. the Lnternal pgoc_egses of var:l qtgz__igguletorsp €48, Nan, _—
E‘ - e = T mEsiEs TR I
g} KCX,; AgCi, and somicond ctors, Bee Cu.f.')“9 S;L, G, PbS, R8s been furthered by the .
; tudy of tkho ohotoconduc’cwve effect in the 80 substances. Partlcular Bsucceess in -
A 2 .
Pog LIS — e -
k. mterpi{'e tution has =been acnmved in the utudy of alkall-hahdes wh;ch was in;twated
_ié,.' - - - o 15 1;7 T oo o o L‘:-.-".- p— ?.— -= i~ ?'*‘ziff_,.qg_
% ] bv Gudden a--.d_ Pohl. **7 Less success‘ ha.s besn a*talne& in the investlgation of
S . LT T : '. . . e .
% . "éthe;r phctoconduckars, €.8. PhS, Qas-\le — -
L - S
B ‘ The existence of a photoeonduetive effect in zinc-okxide was £irst moen-
1 é ) tioned Ly Gudden 'and }?c'alﬂ.l';T in 1923. Later mention of the cffect was made by de
g Boer and Verweyls in 1937, but i;he flrst quanti’catlvo mterpretatlon was publlshed a
= . R
’;q - by I\«LOllWO and Stockmmg in 1948. :
;'7 T B C '
Z‘é The lat'i;er mvestz.gated the onductiva properiies of thin (‘,Ol 11118
;i ) ‘bo l }“ +h1cs X} -'wh-ite and y.ellow- I_.ayéits of zinc-=oxide produced by deposition of thé
5\3 ) B nx:.de f»rom,ﬂa blast flame J.nto whiéh zinc _was v norateda They found a process of o
5] *)howeonaucuve r;Lse and aecay in wh;ch the half ;1ife Was of the O:i:"der_of. second,s .
DR - LT [} o L
J_;: “and in ‘which the rcsponse pealced at 3900 A for whlte and 4200 or yellow layers, :
W Mheir meeEure;xen ts in'dicateﬂ ‘that ‘tho following laws woro cbcgreé; S
§ 1. For the current after equlllﬁrium with light had beon attained i
\:'*i (saturatlon current) T L ST T
‘frx{ ] » - y . LR - .- 5 .
- cC L %lecemste 128 L 00 (.
s . 2. For the iniﬁiai.rise.upon'turning.on the light:.
_"_: ; t ) - 5 -7 L Lmu\‘: i N 3 - - ~
T _f_-g‘; =.const. i B (2) :
- ACL7 - -
- ?

ek P i THRVEITRAKIIITU S AN LETR L, WAL gTS hrWETE M R, | 7 RS 4 SRRyt Sy ney T

o I i iy Y s e T s L e -l et i



e

v i ] N . eI T
Ny ' .3, For the initisl decay upon rturniqng off t}’l_é light: - “ o - p

%%) = const. iLz/ ioz/ 2 R (3) '

L whe*e i is the n“otqccinductlve _c_zurro %, 'iq is the darn curvent and B i.> i:he B o —
| noldent llght :mtensity. As mll be dcmonstrat;ad late r”a depe-nde_nce of ‘;‘"L ;;’*ii:_ﬂ-:_ ; s
oo BT 1/ = dogs no-b faﬂ v'rthin the frameworm of any 'sf the usual theories but Mollwo S _
S resorts to a catalyzer in his rate reactmns to giva this result theoretlcally. 1

_; o Mr;],‘!_- and Sgclg:e:;'zei*e three réz;ééné for using therm_o_dirnamical cal cv;- ST *2

o X iation-s rather than quantum mechanieal caleulations. They aze: - "
R 1. ths photoconduective theory is concerned with carrier concentration

and not with energy considerations,. ~ oo T
2. the aisorder lovels are identi fied chemically ard thus qualitative, L}”"ﬁ";!
‘ ] _1..;_6;,7 ?and—model c?.emon;straﬁ ons &re not _necessary, o _ - y . r
‘ 3. since the first approxmatlon ‘sives a sufficlently ascurate plcture,
there is no need to resort to wave-mechanics
Their fundamer.ual p:coceqs is thermal ionization of interstitial fz.inc )
. atums j;o provide electrons for the dark duyrer_ﬂ; a‘cédr@ing to ;he reacit:o-r:l; _ ”w;:“f
B . thermall: O e
_le ‘ _.._,i,mi?'_éy Zn’ T Qo
The incident light then causes the Teaction - T T _ f . !
‘This re.actlon is assumed to decur only at certain favbrable pobitiong, such ao at _ \
o the‘layef-s_&;fa;e ,7 S0 that the observed eff e; ?;;Tzuu G oWh _b;;'.iu;he'ra-uo of "effec-_,‘ _;h e
) $ive” to "actual? oross se ::ucm E‘u,r'i;he:c “the sue, hm?ﬁeaﬁigfé ééﬁzﬁ."ism |

. . .gssumed to be large compared to that of the optical rosction go that the fc;" ' I ~.?

- o is aiways‘- an equlllbrlum reaéti-og. Co- 7 »

-4 catalyzer of cbng’:e}ni;rati/on X is assumed to be produced which can affect

fhe 5p8ed 0f the optical reaction in either direstioh. X is proportiomal t6
5.0‘2/3’,,.‘ gid is mdenendent of the illt.minatlon B., Thus. .
0 Znt s % 72t ke & % I -
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o where 11, is assumed that the productmn uf catalyzor is so fast +ha‘t X :i.s impertan't

S I -

even bofore the eurrent has reaphed 2 s%a% i a‘y value. Mass reactions aré then

used o ob‘bain cxpress:;ons for th&, currea'h and slopes. ' ) g =
\

IR ¢ & is claimed -that *bhe ca‘balyzel‘ ‘might be =ble to be replaced ‘by a

p:eoper selectmn oi cons“» or -by_ass ipg “that u.:.ectrcn d:.ffusion is important

dunng 111um1na‘i;10n., ’J.ne agreement of the- .,um,modynamically de!‘ive 1;1011" wi

w . -}-ha rlse aﬁ"‘ ;snnv {lﬁ T;’Eq 1S ex e;T:‘-,;ntf'l-

. Tl;e_exgerim'ents to be discussed in this pa ar were mainly perfcrmea on

sompressed sintered zinc-oxide prepared in the menner doseribed in the secﬂ‘oion of

the 'prbp_ertie'é"'éf zine-oxide. Foi sonvenience the data will be divided in%o two

Caee sectlons, bho irstl on-riss and decay L,urves due to singlse light pulses; end the . - B

secoz\d on measuremsnt 4takon with modulated Wig,’ca . o s =
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The measure‘ments o be describd& in this gection are similar %o those

taxan by mollwo, but cover a-wider range of time variable s *St has been fou.nd B
: - +hai “several processss nav:mg time con.stants of diffe.;ezit orﬁers uf magn:.tude ;
.f,;"?,“_ - oeeur concum..tan SR R ' s S OO S
. Figure 6 shows tho experimental arrangement for meaeurmg the. slowest
_.___. e of these ~Pr’cl>c-e'sses; A 'J{mats‘;one brldée na;i;l—g 7a .L—;;l:c work;,r?g ba;t ; is used~’!.: — T
e ¢U measure tne rc:31st<.nce of th sample., A'tungsten filament is ‘imaged qn the : ’
_ b sam-,:»le in such a way as to fi-ll completely the surface of tue- sample with ligh*

.._ation in the image is detemined by means of a Foxrand-Radiation Thermocouple. ' .

j s Ths’ l.st:folln;y of an effect at the metal-semiconductor interface 7on- accoun-t of =
é_ e 1igh*c on the c_g,\n:'ta..t lgai_s bs@n..‘ .L;J.ded by psrforming exggrménts in which th
jl . tosbacts were -Spf;clflc&lly shlelded from l;ght it W_gs— found that ths response v_:_g.§__ 7
Ji - -_'rmdepzex%@snt of the contact 1llummation. L o
3 2 eanc In oneratlon,, the sample 1s rallowed to come 'to ﬁalzk et;ugi;‘;r;{;xﬁf for a. o wﬁj__
4

< O time of the order of ,day:s. The shutter is then cpened allow:.ng wh:.te ‘light to
F - I-.

% fall o:. the sample. ) Resistance measurements are taken at. regular intervals or

d% _h ’cm; . _When the sample resistance haé app-ro-ached a satu:catwn value (:;..1‘1.; tme oi: - "
jﬁi ) thc order of a day), the snutter is closed and the gacay is mﬂasured as a i‘unction

H;“; "“ __.of t‘:_l.me., o T R ;:‘_‘ ., R - e _‘\ “*‘_:':r’;:_”“‘““‘“* T

:‘ T The inc-i-den‘ﬁ light is then ‘calibrated by replacing the sample with the

3 Ho ) °

d!:" ' radiation tharmoceuple amd the shu+ter with a robat:.ng-se disk which chops the

3 = 5 AT R

3 light at ten gycl.es _'pér secoad. The‘ thermo_c.up_le output v,dl{:a‘ge. is then xze'ad from

lo cyclo narrow bend pass ampl‘ The themoc;;oupi-a.-

~-...-.———-_——~Au;i

*  High-Gain Ten=Cyele Amplifier, Hodol 55B Electr's-lviechaglcal R search, .Ln..., ’

Ridge field, Conn., A& full .scale dofieetién is obtained with I 9+8 volbts in series
with a 20 obm input circuit. Band width: i cycle at hale pewc;. points.

- - e R e TVRA At T b - m e o v s owrh sawar e B . an, TR e S gl e e W ERT T
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a callbrated responscﬂof 4.3 volts/watt. In this way the incident inteasity

may be ﬁetemined.

- &%

S S uhasurements wL,ra made at room and at llquid a temperatures, the lad’,er

SN LW N - T .

e s g - =T e T -

‘being ca_rried oﬁt in. a Sys-tem as sh_ovm‘ if'n Figure 2. A ty’picai -curve is showa ia

.  Fiew 7. In this plot thc sample vas 111‘*’7%3:?3;'&"3_9_ uar%f_ﬂlsﬁ?f?&?zin@lcﬁ?%&,“‘ -
. .. .by the point A. After 30 mlnutes of 1llm1nation, the conductance had risen to

' a valus indicated by B, at which time the light Was turned off. The path of aecay
f‘c_:r the following 30 minutes is indicated by the curve B=C. ~ )

N . The slow rise curve of a sample at liquid air temperature is s‘néwn in
Fimre 8-..' The half-life here is about 25 minutes, as closely as can be détermined

N g from the sc *.;,’:',z;*lng of tho fs.ua.l. points.

e - - -

'Smple considerations ,. as w-ill— be shoWn later, lead ﬁ@ the conclusion

: 5 = B o
Tas - PR

t.n.at the rise curve should be exponentlal for 8 monomo‘.eculax process, i e,, one

.oa

P e AU OO U o ~. R

- PR e A T i o v el e

in which the recombinatlon rate of frce charee is proportlonal to. tho free ¢harge

concent a*;io_n9 and hyper olie tangent in form for a binol ecular p TOCcess, 1.8., one

_in which the :eco**bi»natlon r-ate ,pronnr‘bionﬂ +o the sguare of the free charge

~

concentration. In like manner, the decay curve is «exnected. to -be exponentia.z. for

> - o

a monomeiscular procé_sé. and nyp:erbolic} for g omo.s.ecular process.

" Repeated attempts,.- to fit ‘these eurves with such f-unetions have failed.

+

-eunbination of processes is occurring rather than a single process.

o . Le% us ezemine the rise curwe of a sample (11B). Figure 9 shows a section

of the risc curveé of this sample plotted to 50 minutes, As mentioned above, attempts
‘ce £it th-_is curve w.s‘;ti_i gi_ﬁher an éxponential or hyperbolic tangent h‘a}ve failed.

Let us assume that two processeu are involved, 4 long time ond and one of much

% . a;.c»rter time const A h:y@erbolic ta.,;gant is unea; "or small argmunta, r.uS.uGe H:

1

A7

wkserved cutrent by a straight li-ne;:_; The. ac ual datemﬁnétioz; of tni,s :_L;i;nea‘;f-f

[

g
é é«zi, woul.d ‘sSeel Jt..stlflable to apprommate thc contr..butlon of ths slower prouess to ‘o‘he

L N T 3 R WML T TP e TR S e m | ame e e e

- - . - 5 ey

Ar. exanination of the rise and decay in more detail, however, indigates that a =~ = T
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!ﬁ: '~ aspproximation is an art conditioned- by trsal and error- §iuch an apprommation ia i
. {4

ghown by ‘hhe,straigh:bxlzing in Fi gure 9 Wu.s.Ch separates th«= ‘carly part o %he ri—se

y f - s > e & > R —— s SRR, S S s e e me e e - K

N =

-~ ... from. the later. . . .. . o de | __:_;. S s

" - B [ ) fet B s
Flgure 10 sh ws the complete rise curvo of samplz 11B with the linear T

e apnrgx‘_mai‘iﬁh mnla«:ﬂing the 3xner'm_@_qj;w;_ point g i _—‘:-_ e Tirat "'1@ sinutes, e n&te

A S e b e

- PR

Lo ’cha‘!: a hyperbolic- 'cangen’n Surve "Jith & half—l* fe of about 38 mlnutea fite, the o R

&
o 0 . eurys %0 the o

]

dex m.accura.gy of *_c_,hg_; experri'men-ﬂ;al points. Thus a ‘slow b‘imm._ecu-lar

process of 38 ;1nutes half<iife seems t0 exist in the rise curve of vhi_.S sampla,

Al et

e . Wha’c about the earlicu. ,_J art of the curve? Figure 11 sho 7s the res.ndue

et Tert oo N .

& . .1n Flgure 9 in a sami-»lcgarlthm:w pl as a funct:.on of‘ t:.me. ihe closest fl‘t 1'0

EC ) - 3 — .~ =
1 ot S et Foa e - 2= - — — = SR A —=- - : = s e — . e e
E

1he eg‘:perimema‘! “*mts is a s’craigh’c 1line representmg an oxponentiai naving a8’

~ e time -consi;ant-eq_ugl .,t.o_, ;&.As_miimteso . The fit on a linear plot is shovm in Flg_ure

. A —-— e

12. Thus a monomoledudar rise having, a time constant of aoout 4. 6 minutes seems S

e . . H

to share 'conc,bmi_i;antly wim "the bimole.cui;ar 38 minute p:go.cess ji,n i:l_x,e rige 'cu_-rv.e

of +h:Ls sample. - ._t is not certaln whether a process occurring 1n the order of a.

o = g e m e o

xq-,-.___--____

e hHere. _'.;L_'ng-)""efﬁe.c'%’ of doating o the Samp.l.e by the 1light

g v

- .7 minute is also effe "g
< oo : . L g B C. - e L om = p
. source m&y be thc cause of the divergence of the expoimo atal and fv tteu cuz've in

(l.J«

oo b il D) LA T L N TS T bk P Y
N , R
o]
i
[}
{
S

L
!
[

o M
cr
=y
ko)
}-b
e
"o
w

+
B
[
g
ot
Rl
W
]
b
b
elé
[v]
st
Ra g
e/}
i
=]
Q
Eog
[
o
’J-
<}
[}
w
E
O
<t
Ee
[o}]
et
(=g
£
<t
B
[¢]
=
ct
-
B
&
&
[u)
5
[«
=
foh]
o
Q:
I

netessary for the qample to cvme to equilibrium; or a_no‘cher process may exist.

—w . v e B

.E:_‘cper:’m it-al' fa i ities +o .ucord tb.e responsa more aceurately ..n this time range
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t_ the t:.me of the ekpermqnt.
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were not ava:.l E}‘.

. .It i how of ,int-ereseb to determing wheth'ei! such .a‘rés.dfkuti:on c¢gn be

o [ 09 <

. effectod on the decay, smnce 1f two mecham.sms occur durlng Lhe rlsa of‘ photo-—

. g_onduc-i_;iirity th-e. decay should a-iso _s,hqw,, Such processes. F:‘tgu-xfe 15 gshows the decay

“ )“ : M o i

(of samp'le 1318 nlo t d. as i.* .stance vs. tlme cmmted from ZeT0 an _the 1nstant of

= UV UV SNV Y P ) e a7 -

' ‘tuz-ml.g of f the 119;111; Neglectmg short tines, tho S'tra.lbh't ;Line £its to the exper-
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@;\" }mental da,ta. a Guyve .',1near in resisuanco or ¥ vperbol:.c iR cenauctance, Flgure 14 -
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shgwq the dé cﬂv plot+ed as condur’tcmce versus, i;;ime., 'I‘he .Cld.lf l fo hére is 5-.;.-.!'7‘

gt it e ey R DR o S U Bprtor i iy el T R o A o b kot €5 i



,é‘*} minutes as compared to the 38 minute Half-1ife of the bimolecular pary of the risq

~ W

.

'_ pree,as.. wihy the dec,av halt’—~-.1 & should-'be 1onger Wll_l. be indicated in a later

. seckion. - -

e e o e ey e

I IPC P S

In fitt:mg ths curve of Fzgu;.a ln ’che eal l:y' p* 'of the u.ecay was

Pogtamctat:d oo I 4 3
M 1] -
13

% ne'igl-e.ci;ed. This _seeti'on sheould now be exammed for ev:.dence of a shorter mono-

'E R = T - R - e L R S e
,"E\-: SR *mo“lcmu AT PTOGESSy. =7 © 7 tm e s e e e T =k
. ;L , E‘igure 15 snows the shorter part of the de*cay on a Smilogarith.m;ic'plot. ) )
fé ' ~-The straignt me represents an exponentlal having a time constant of «9 minu.tes.-

s

RN b sty momes g ongere 4T T YT

-

Figure 16 shows the mattzh of the exper:.mental and tted curves on a linear plot.

Agam we note a divefgéﬂée" of the fitted and expe:cimental curves which agiin raises

4
&
4

'.‘hu question of the possibility of a i_)rbﬁc;es_s' of the order of aminute. T

Thus we can conclude that for this sample two processes of the order of

minutés are observed: a bimoleeu,lar rise ‘énd decay of ha]_;i‘el'-ilves 38 minutes and

¢

51. n.lnutes, respectively, and monomecular Tise end 4 decaj writh ?iﬁé"'éonstants -

/. 4: 6 mlnutes c.Ild 5.5 mﬁ;%éo, ‘z’- .s:aevctl'”ely:- _Ee‘pgssﬂ;lﬁ{yiog‘ Za‘}léé nand decay ‘ .
?_g___ . process of Gime consnanthnﬁ_ahom_nminutemls_ma* exclu.dam N S S _4_
:‘”§ Co ' . iSy way oi‘ further 1llustre;{:;.:>n, Flgure 17 ehows a ricse curvn for sample
' i 8D to which both an exponentlal and & hyperbol tangen«-t nas- .beer_l fitted. TIn this
¢ Si f | case, the experi;nental curve 4id no’c cover a sufilcn.en’c numbe'ﬂ of half-»1 ives to

|-
=

make’ tnn dif ference apparent. ,_',The ror.opeq: c}urvs.— of course., should be the 'h_\_@era

- S

bOll" angd.;’c one but hore there is 1o 83 gmlfmcant dlfference. The half-life

o

)

Y

t Y
£l

. ‘ ) nero is about 20 mmutes but thls valuo 1s doubtful nlnce the curve never ach iercd

. .. geduretion. o - N Cae e T e ‘ S e R
B . Figurc 18 shows a plot of the differonce between the actual and fitted. :
! Aurirng 6h  gemi.—lacenithmi.a. nanamn Tha odknod dhd Tinn NoATadANnIa- A AFnaraRits a1 AP )
Tl VASRD Wdd D UANL TR Ol L VRIS s e WL WUE QUL ALY S0 PRIV UL Wi STV LA, VR 3
tite constant 3.6 minubc Figurie 19 shows 'a plot of thesé curves on lincar paper. :
. . £ . . Lo T e D [ R . ) e . . .- s . L. .. 3
gﬁ% -t = . r;'ﬁ.nll,,,-..r-r- £ ..,—_:- A s Cla o oo PR P e e .o A s T
: ? T Thug agail we see hore twWo prigcessgs, a slow ond with a posgiblc halfs
: " TTULife bf 20 minubes and a faster ZbofoRtinl ond of time sonStent 5.6 minutes. T
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. The-‘?ffefence between the, fitted exponential and the experimental curves of the

indndgpze 19 wes plotted in Flgure 4u and 2l. I* is seen here that if a

PR T L

still Taster ,rccess-axists. it would seem to be exponantlal with a time constant

of the order of O 741n1nutes or 45 seconds. The fact thax Ebllwo and Stockmannz

_Inade. uneir obs *Vatlonu on a procpss occurrlng in the order of seconds in evapo- '

TR A el e

L - e 3 el [

" rated layers of zinc-~oxide ﬁnDLlBS that such a process might exist here also, in
addition to the others already described.
It nught be polntea ont here in this conneculon that NbIIsz meantions in

his first paper that long t;m@ changes in the pnotoconduc+1vity were observed in

_ ths evaporated layers. In ,he third paper of tne series .a guess is raﬁe tbat this

cffec» might be explainable by phot0~chemlcal ﬁiSSOC1atTun of the 21nc—ox1de

latiice.

The phenomsnon of long time effects in the photoconductivity of nany

- materlals, 1ncldentally, 1s-aslong known but poorly understood effu¢;1 See, for

. % ) example, the discussion of Mottt and Gurney 9:on the posSible effeqts_éf space :
i?g {i imiifAcharge on ééntact ﬂo*entwaT barrlers in 1naulating 0ryotaLs, the Qleusu; fyl "
;?gi - B Rosegq on the effects of tygpﬁlné a'd Sm _}l capture cross section 1n hindering

. g reqpmbinatiop, and thel ecent work of éhasmar and GihSonzl on explainzng long tJne )
t'é effeets in lead-sulphlde cells by oxygen or sulfur barrier layer models.
;;él— _, lt would bevof con51deruble 1n erest to determine the responss that is g
ety . - Sas 2 o I _

u}.‘:ﬂ
P

ekrwcar]| Fruwadass: |

[

e :'v'

ot bl i

dus 46 each of these processps using as param@ters tcmrerature and 1ncldent ragi-

ation wavelengﬁhw Becauss of the overlapp;ng of thc ef ects in thé Bho%cconduc— ‘

tivity curves, the large mnount of labor tha+ necds be expended in resolv;hé'%hQSé

precesses 'prcc&udes makmng.such a study at this time.

Flgure 22 shﬂ"u hm-respgnse in ééﬁéié_liﬁ as a.functlon of ﬁlme plotted

_three.di ff ent bands in. thc v131blc. :Sigas thé:samplé was.not allowed %o
ze@gﬁﬁ.t plote dark GQMlliOLle (a.mattc; *«Alng days, at 7@@5%), uhe aucnbsaes
the curves aré shifted from hoPirpatel. The 1mpo“tan¢ p01nts however, are that '
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j‘i:he time constants retain at least the same ordsr of time, but the overall Trespouse,

i

}

ot g

Which is dom:.nated by the slowsst precuss, is about 1,00 times larger in the blue
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h then ia tho Ped. e o
3 : ’ s i . :
R _ in crder to determine whother proccsses of the onrder of a lsef:-onéi t?r ’*sss .
8 , _ : .
?; ox:r.sted, an apparatub such as is shown in Flgurc 2% was employed.- _ji”:fb.e l_ight sm;rca ‘ .
{ J was a General Electric Street Lamp 1M/66 run at ah -over.vol'bage in ,ofder tor obébai-n - B ) ;‘
Pf:, a £4 Lement teglperatu're of ;‘52,0'001(2, " A system of lenscs was arrangea to ob ~si’l the
Z“ host pessibls aperture and to faeus the filament image on the sa;n@le. 3'-1.! ozde %o
5t - ]
: obtain ¢the meiimm amonrt of light. In the firsi oxperimonts a constunt 7oltuge
- &d o - .
i . sotres Was vt un cunjuetion vfith, a matching rosistor in ’t sdnplé cirecuit. Tho
f: o Vv.oi':-t;a_‘; £rom the mabebi: 2g resistol Was anplified by a wit. l--haﬂd Fowle +’"~Packa"'d o
;“} . Medal 4QCA a.up ificr, The ajmpiifie&vséignal was then p‘i’*_o_jected on an oscilleoscope
g} anc. the resuliant ﬂzracgs wexre photoéraphéd. Pigurc 23 -cémi)afes such traces with
% - ~tho output of a photocell eplacmg, the sample—matchlng resistor eireuit and also .
,s'nows the 1'1earlzatlon of respons, V'l'bh decrousn_ng, 1llum1ndtlon 1ntonq1ty. (’I’.be
trasc s ars—not—iosealker———v S — = e s
) g, Flgure 24 shovrs a repw“oducmon of o curvo takon when a constant c “‘mnt' .
f was passed through the s a.mplf’ and no matching resistor was used. The (:Qngft:ant
i cwrrent methcd was Ofbe"'Od by using ‘sno qa:.lplb ad ‘the pl"\te lead in a pentode . -
% circuit. The duretion of the flesh in this figure was 25 4: 107® gec. It 1s-tq @
i a ‘ be -Lotvd that the r:.\e curve ilg;oroavhcd scﬁ:.uratlon, a.t.tnough thls is’ uot de finite _
i
i3 because of noise.. __Thn.1liks . manncr,. Fi lgure. .25 represends. a ohofcograbh.,of the _;r'osno,r_lﬁe o
T taken wher $he TTash AUFAEt: Tfn"’was.t. 78 X 0™ sgor - I
It should ve -men\t-j;on:;d‘ hexec that this ne%h:od_ _o_f taking the reé;—‘)on'se with
a rotatlng shy /ctcr- 4id not scmplc 0 rehutn 1o a aﬁzﬁ- cﬁx_i_l‘uri_{)}u betweom —
‘fiaSh:}s. An arrongomont wag later davised, ‘as Oﬁpn"tcd in Figare 26, '1&.‘111:5_5c5h‘:.fa]:’3_.owed' .
e 5 T et OO RN -
& A mder soaclng of flashcs. The flash 1_;.1:1\ of 3,{) < ge¢.s was czbO'llb the shortest ’
that could bo pifoc‘tuced-. with ou-r merhanical system of a high speed ,m‘@.to? aad a P
LESee T ot ATE L at tat L R fadk T S RATY P smn T

e
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e - R
s é:; 7 shutter of twenty _c;lbs. In oxrder to rcita:.n a good apvrtu'we a shutter with mariy #
;_.;_J foTeTe 3‘?1?5?_&“1&}%"3 _".‘?E‘}.ff yory. ia_“t‘_%":_f%?i - eifosy otjuprs in Gdempter, ,_
e L e ) — s e e E e
o - Some co“sideratlon wag given to using a-L—i.er* Cell but aeain,_x}, because of the hneed 1
:_;:: for h;gnalllumlnatlon, “n“a bncause; of tno llght 1osses .!.;v_t:.!;ved in making a sult- N ,S
o able gr}*angin}ent this _pro iect was ab:andaned. — ‘ _ . ‘ . . r
- ] - Thé Tfact that 'i;he curvés of: Flgu.r:e 24 qnd‘ 25. show carvature 1ndlcate§ - QP
E ’that a process of 10"3 séeconds or :t‘astezr oceurs, i.e., if the curves shown -ici-e B L‘
i .. " aue o tracing a small part of the characteristic of a process mvolvmg time .f
% -_ constants 1on:g, in comparison to z millisecond, a savrti'ooth wa,ve-shapeh would be i
r = cxpected to bo observed since both monomolecular and bimeclecular charactemstlc»s .
‘:; o ] aro 13.nea.. 1\01: short tmlas. 011 the other haﬁa,;;o:;e:ss—es w1;1;_§éry m&éﬂ_;shorter— - ' L‘,
é‘ time cgnst_an.j:s should yield a square wave as shown for the photocell output of )
%} o : T‘lgure 3. “ S . e = - _:ﬂm: ,_,S
E o '_ The arrangement shown in Figure 26 allOWed ‘a longer time to elapse be- e
%7_ _,_ :', h tween i‘lash=s of J.lght on the sample., - -A tungsten source, o.perati»ng‘.:at @btl.ut_ 3290?_1( ] o
g‘;.:'_*f‘f‘f-“ “Was _@“Qfé‘iarugij‘i araljUStable STEvy T The imegs of eIiSSsiit was ten focussed on L "“““
g ‘ - the salﬁpi-; ﬁi‘tﬁ'-a ro-tating mirr.ér .inte_rpose'd, in the 1i—ght path. Ré:'.tac,tion,- of the |
i B ] nirror “‘en swep_t the ;'ectangular light 1mage» aeross the ‘Sanpk ;a 'o-n-ce'”:‘r.-n_e,ach h
i o re‘vol'-uti,gil ‘9:;;‘. the mirror. 'Singig_a t‘he sample sub tended only about 1° &t the mirror ) 7 )
the light ffl-ash oceupied ‘rly 1/340 of +the wholo cycle, allowin \.imt: fur the
1 ( sample ’(;Q return ;;o«- da_'i‘ic egluilih:;z‘i;uﬁl. Fu:ctber, sincc the wldth oi‘ -the sample was o S
L o about 1/3.0ml me wii-;i.‘c:hfofx the lig‘"t image., on-ly about .L/loth of- “the initial Lise‘ : B
h YT 6 @eécay was involved in Having thétleéding Sop  trailing —- 2 o5 _of-tho image
f traverse 'the sample; thus quite square pulsés of 1ight wore ef é, ’
% T ' fhe motor was controlled in rate of rotabmn by a varlable igpeed thyratron
£ - - - - . PR
g control ciréuit. Single.swoops were us ed in observmg and: photographlng the c‘"r'ves i |
T e e . I e e i
E % and br;ggermg was affected by *’ef Lecting part Qf the i..Lage back %o a phgt_@el-g; “
. who e output was ampllfiod and :i'ed to the trigegering circmt of the oscllloscope.,
Tt ED e H g AT R T ey e ey e ¢ (R e e 7 AT | W R G O S b T e el T Tir e AN LT TR g T L AT gamape G o ey Y g sty o e o e mme oo T TR ST0 LA 3 AR, | TR | g
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{?} Curyes could also -be ,’r en from a comp ute 1:ght-on or llgh’c-off positién by use
A0 . -

of a hand-operated shutter in the beam: when the mirror was left in 13]:;9 sta'tionary

8 0 o oo ._,“.'*.A s o e _.,fr__L,_..n 95

;posz,tion whaich allowed u"ln imac'o to fall on thc Sd».plo. - 7" - ' T
. __ Therobsérved CUrves were quit-e similar to those shown in Fi‘gure 24 and

25. Unfortunately, ne mtens:.ty of t.ue llg,ht was not suf flcient to cause satur-

s =

atlon, i, e., prcnounﬂed flattening of the later por’clon of the photoo ductive rife. .7

; These curves were [OF this Taason nod eas:.ly‘ acsaptea %o analys:.s and resort was

~-.~,;a&:; tv obbtaining rise and decay curves in which the curve wac taken fram a f-ul}.

dark ox full 1ight equilibrium positi ion. -

~o .

i . In order to ob*aain sufflca.ent detail in tﬂe, e;egay curve, for exaﬁple, .
| ) t’§ following _-arra;ngement. was used.. A typel 2043 Dmont Cathode-ray Qéb-i;lbsé.'Oinle - 7
wasg mployec’i, The sample ¢ircuit was connected to the D,C. onplif:.er seetion of -
: ‘ the osc;lloscope J:n ser:.es wrbu—hak sx;;ta-bl; bucking volgéé; circult, ;e‘éurren* SR ‘
‘; '_ - swc&p was uged wrch. square-wave Z-axis mom:tlatioq wlprov:.de a time basge. JSee )
A .‘* gure 2. 4 _-—_ o | - _
;%W ; ‘_Tma_d..AﬁeJ’.‘._the.‘_Samnlc_ﬁ Lbeen.illummatg.&fM@e ’clme _the s_l;g_t:agr was ]
gt | .Lapldl:y- closeé. A trmace of the type. —shown 1n Flgure 28 was +hus obta..ned. wher )
L SIS B e e e e "
E in this case the tme uetw;,en pips is 1/100%® of a second. This curve was théen B
i _' 'r'eplottudul“n_f ln.nb ar f fashlon as shewn in Flgure 29, &and could ’oe analyzed. in & ’ :
_é 1 _-manncx"_ “af‘alogous to th__e}_i? utg_e_ii-_ f'or the slower dccay, flu;tuatlons ab 't;.O t‘a:.l‘of _
no ’c eﬂé-u: rve z;re —cdaused‘ bf-;gd;.-sn'i_:—;r;;wn -on ézggnt of CR_;:ubeﬁt:uJ;vaﬁitureg Voltage c;ln: T
%. — orat;“on was. obtg;me@., ngy sjghomgrmhi i _.sine wave ¢f known vol age under the game
w Ry - - o ) T LEm T
\i" -"*'""‘*-4“ mplifieation ccnditiéas o e - -— - - -
Ficure 239 shows the sapa;atm_ of a '__'_;ésﬂ:.ér p._'r?.,o"g_e'ss from a slowe;.-,ané, .
"-Ihi”l-’i, i85 @ssimcd l:.nc*rm _th.Ls range. Figure 30 shows the fit of the ptn:-t of the
- curxw(e duo te the fast cr process, whlle .L‘lglll’o 31 shows thé match ef the e:_tpgriﬁlentai )
2k B BN . T T = . .o
j f“’“e‘i curve of Figure 30 on ‘linear peper. Jdo see thaf fhe fast detay hewo s

fitted E@*; g moncmolecular decuy of timg constant 0.8 Becoud.
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R = o T _h_'_‘i—-‘?g*
5 i ‘
;l% *‘l"— T - T E e T - - :;—*:']_‘~ - - T - - -
o Figure 32 11Luqtéa_te3_s Tme &iv"ﬁcult;;;;cean;e;a in pluk;ﬁgzl:e-;‘e};_e‘;?:
. lmear approxmatwn for the 8low part of the decay in Flgure 29 'Ifhe c'rcsses,

wm oA

011‘0168 and triangles eaeh represent an abtempt to .Llnearlze the fasﬁ process on,
& gemi-logeritimic plot. Straight lmes whlch approxma"be the best fit for each

set of points are Showri in the figure. The set of circles'was choson to give the i

et 55 Saten R T e
[

. - “best fit @s shown in Figure l. . T - PR

Y

Flgures 33 to 35 indicate ma existence ol an -exponential 7d‘€}0a'y of time”

g e

'

oonsbaut 0.26 seconds. o B ' - o - I '_“7, B

fﬁ As vas mentioned previously. etiempts o fzit the e‘xfperimex;tal curves

»; _ . . 3srsetly without resort £0 the process of resolution discussed here leaYS ended.

'j in fallure. Tnus several groccsses séen to be ocmrrmg concomltantly in the p]luoto-
? conductive effect._ We have shown foP semnle 8h processes havmg time constanus

i

- T =
o

A

of decay of .0.8 seconds, about 1 mlnute(?) %.6 minutes, and a bime];e'cuﬂ;ar cne of

Y

the order of t@:enty or me'r'e minutes.

“

= In llke manner in sample llB we have shown decaJ of 0.26 Se_cﬂm‘s

gxfsqq1h1xr ong oﬁihemdem_ﬁ_m;nute, 5 5 minutes, and a omolecular process of

P VRO SO

A the order of 52 minutes half-life. :
R ~ In adaition tié‘}iféto graphs of Figures 24 and 25 ifdicats the possivle |

’

.o

existence of even faster process,es_. Since the obserged luminescence transitions

s
B
Lo
LfaE s e

. peecur in l@fs to l@"? Sechd:s~,6 f’e-éi;er transitions must exist, though it is not

known whether photocondictivity i§ involved, i.g., whether the electrons spend.

-8 - any time in the conduction bang. . ' o N L
A cor;e,%.’d'e‘rable. gmount.of - work _,_ggn..&g@l o1 1—1,1, ed for nursnm&:_ﬂ;hek_lnves_tl,-__,m _,__;
satich 6f thege processeés fuﬁ!t.e_= {1} ‘Tbe scope of the 1nve=n,ig§_._tlon should be
widened to examiné time ﬁlte*vals between 10 % and 167 seconde on the one hand ‘
~and in*erva.us of the order of weeks or months oh uhe other hand, (‘2:); The effect ’
of the ﬁé‘w}éimgth of’ the mﬁéeﬁ %&fié“‘?&{i Sno*:lléi Be dstermined If mors eetalxa Faw
{See Fj:gure 22¥ ( ) The effect of sSampis temperature on the in a i)r';‘e:e,.sses A
/

— iy



B T T e T T T s = T =
i, == =
: S TSR —= iz

-a P

_ o : : ‘ i
o ) o R U L 22
El = Y . - Iy [ - . . B, - - ~ . _ i

o e - 16 - ) o e

should te in;re,stiga'ted. (4) The luminescence should be exemined in an attempt

0 o T

he lu’IﬂiuGSCG nt trnr‘sitiens with--tha nhn‘l‘cccnd.u('ti‘ve recombinatiou.

IR o -

'BO co“r‘:eela

. The 1nd1<.ations at the present time a:ce that the above program would ‘take a con-

>

siderable amount of time to carry out, so that no further ezperlmenta}. work on.

this topic will be reported in this pape,r.,. We now turn to the data observed with

ten cycle sh‘ut-ter’ irg and finally to a thenm'etlcal ¢ongideration of a‘ll the e'bqerved;

" data on photoconduction in zinc-oxide. ;
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{:) =Iv, Modu].a_:c_,ed-'-l'i,ght ‘Ivivezgsgren;elnts ;':
e R U eSncshoncciod ;phc":ccenﬁ.zc:tez‘s to ehentad o med ..iated ‘i;}.ﬂ;’h‘s -be ;‘.-ﬂ—-——~—-» ;’F-
determined fox Seve_ral Teasons, ' ~one of- w’nich’is that photoconductors with '
A c‘fa;s-tﬁ. resﬁ’éﬁs’é are desix‘able for “various'pr'ac-i;icai app'licatiroixa.. Second, thé use - h
o of moulated light allows the application of methods in which D.C. drift and B
A backgi:aunds are eliminated, and thll'd the high ampllfication ea81ly oetalnable . 1
. b B
L in A.C. mothods can be emplo rod . Fourth the modulated light may provide an Wé }
|- '.aas'i‘exf m_et,hod for exam-ini_,ng the ktnetics of a photoconductive process. For example, “%
L “Lashk aiui'.;??‘z has mplc“yfeu au a‘li;arna.’cin-g:—cu‘f-l‘-ént bridge similar %0 thoss embioyetd ; “'»,
; ) 1ﬁ exami ;:*Lng Earrisr- ley '*r propertles in the hope. of dctermining the number of IA
impuri ty 1eife'is involved in the photoconductive process.. Fass.be;__r_;derz.z attempted _ S
. %o use the A.C. Tesponse in cadmium sulphide o determine the mobility of the
B cén&lﬁctiori eleet¥ons. = I - 77i V‘
) '_‘I’h'e experimeénts on zinc-c;xide to be .deséribed here were derived orig- i (
g mal]y in the hope of elmmatmg the drlft on account of the slower processes e ‘
P N~;mjil§ examinmgk ’che fa“s;;er :E';spons of the materlal and in the hopeiuf uel g'é’ﬁ I \l*
to_o,b,tain d.ai:a— which would be eas.‘uly. i;:ter,pr.e’ca‘ble‘. ‘
] - The first .experimenfé' of this type Weré t}:ms_e shown in Figure 23 Wit_h r
- : *i?h-e’ resuitls'-.shox;fn in ﬁ‘i:gures ‘24 and 25. ‘ Later experimenég were performed %vi%‘ﬂ‘{ﬁé I
f L roflned apparatus of Flgurc 26. . " '-_ T " o A I
- Elgures 36 ‘and o7"’3how pio+s -of the relative response measured on & 7
L_T:\ _j‘ Liai];antfne V T v m ?ia }mu;;élﬁoz;of ;lge,f o.ura:w and ‘flaén freq@ﬁgj;;épiecfifgd‘i ‘;d
o _tively, where the flash Guration was equal o 'che time between flashes. & dlscus-: - W%
! _7 Sl_on of the .s;,ign'iric_anqe'o_f these curvés mJ&l be given m a .‘L-a-’c-er section; it w_ili‘ .
....bo shown_thgt.thasegaurVGS.imply the existence of processes with time constants of ;
3, the oxder of millisocondse . . . .. e u_____}:

'The'bulk of the work perﬁcrmea,ugqer this heading was done &% ten C.p.ss

p:t‘Lma:c'1 19 because excellent +6m c.p.s. narrow-band-pass smplifiocrs were available.®

e e em e W e ee e em am
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i?-. o The arrangement of the appéﬁatus i indicated schematically in Figire 38. 3
%} . Tue light frqm a ﬁﬁngsten SOurca*‘waé rendered péréllél by'a léns's&s$ém and then ;
} .
D/_ B “__passed through onc of a Serics of i 1m;er1dm,nbu ﬁrv:‘?:i:“st**wbiuh'app:oxmtslw i ——
~;*“-~ w_m.onocl:mtsma.’ciz d the light. Tho monochromatxc 11ght was then fosussed on the
sample by aﬁdltl@ﬂal l@JSbg, The sample was cénﬁéctéd in ser:es—" th & drv cell
aﬁd g matching rssistor. The output of thv matching resistor was fed to fh@ higha )

et Ml Yo £ et S s L
'

T R et T+ T DA BT

o e |

nnpedance lo-cycle ampllfier. Callbratlon of the lncldent light 1nuen31ty‘was
offOCted . by meanS~of theAxadlatlcn thefmocouple and low-impedance 10-cycle amp‘w~

fier previously deséribed,_ Due to thc narrow band-pass of the ampllfler (+ 1 Cj“]e

e

Tat half-pownr po;n*S) ﬁhermai, contact, and pi”i’ﬁ noi was Larga avoidaa.

For measurements outside the visible ranas of illuminauion a quarnz
mbnochromator*f? was employed. Atteampts to absérve photccpnductivs response in
the infra-red using a Nernst glower or filtered light from a carbon arc did not

succesd. Occasionally a constant—current eircuit was used as the sourcé of samplc

.:,»Qurrsnt, obviatlng the nssd for a.matﬂhlng reulstor but s1nce the CULVTeS obtalnea

—— == L R

fuslng onstant voltage qlways have the curx ent dlreutly proportlonal to ‘the con-

sl et ereyer

_;" E ﬁﬂgnre @I_indicgtés that. the 10 c.p.sS. shuttered response is an appraximately

e 1

.duction-bqu e;éctron-cpncsntration the éénstant‘current»method was abandpne&@
Figure 39 illustrates the validity of Ohm's law in the safiples at room

and 1iquid .é.ir t_emp_eraﬁu_z;g,' Figure 40 shows that the shuttered response at either

- — S .
i ez s = — om e . . e R I = S

tomperaturb is a linegr function of the imprussed D C. curreni—{or voltage).

11near functzsn of the 1llum1natlon 1nten31ty. (This experlment was done by em-

ploying the 1nver86-scu§g§”;aw, altnough onher methodu of usinb neutral fii%o”s N _
_“_n9£~3nre scrqqn were devised. ) , ) ‘
— . -.L:. .IM/66 S __3 1; 1 p ops_ra{;e-d t an 'OVG,rVQil;tagé.

bl =z . e - 2 L RPN PR

¢ Warrand Interfert

neo. Flltcnv, Wa rand Optl al Compsny; Broax Blvad. andé Hast
438th St.u ~ i

Psak vaLue 7.»,m nominal value. Half bard-width
to %5%. A series of & filters

e ausch and Lomb Dnnﬂt_ Prism Monochromator #28%4. - =
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{g T "Figure 48 shows a typical Tesponse as a function of ifcident wavelengih =~~~

in the visible region at both room and liquid air temperature. Ue note that the

= .. - A~ A mA ARG Brada -1
T I'EDFJQSB luumdar‘a Uy thresToxacroo8s AHAPRL L AR

0. ~ o)
4000 A, (The bump around 6900 A is thoug}-t %o 'be caused by leakags of shorte;

e -
3-8 3-S =N &

wavelength radiation tnrough the edges of the filter corncerned. ) It is also of

intercst to note that the respense is not .sign;i‘ican*‘-ly different a-_‘t,,the_tfm tem-

pel;a;tu:pés; ‘and that the response i“s still not negligible at wevelengths as long as
o} . : - . . — :
2000 A. T SN S

Flgure 43 shows a typical responge curve extendmg into ¢he ultra-viol:od,
. o]
’ The rogion of waveieng ths snor-aer than 3500 A is suspect; the plotbted values may

o

- .. _po due to Pundemental xlatti@g)ﬁ labsc-_np:tion_;gr .dpg_,tg'ggi_&g.‘.bec@% of the insen=

sitivity of the thermocouple used for calibration in this region. The important
thinig is the peal at 3900 A with a tailing~off of the rusponse into ’cho visible.

Figure 44 shows among other things, the shuttered response compared to thet-chser-
v’ed by Mollwo ,sta%icaily' {not to scale). It is to be noted that both peaks lie at

L o
o 3900 A, the p0311:10n of the absorptlon edge.

For the sake of complctenew,a curve oi‘ the responsc at llq_u:.d helium

»emperature is ineluded here (E‘:Lgu*e 45) ) alﬁhough the ex-per;menta-.-. cozr._&itl_,ons- were
. not such that much 'fa”'.th cen be put in this measurement. The sample was immersed 7
in liquid helium in a double~Bewar system. The llght was passed in ,thigﬂgh. un-_ S

| R s1;.vered slits on the. Dewans., Unforﬁunauely, the by "‘bli ng of the outer liguid air,,

by mwrruptmg tho. light. be'am, caused the measuréments to be noisy and it is not-

TS -

e e kS * i o RS

i certa.m that the power <3.iq 117);17:16;13; {:ng_—uample dia not exceed what is cons1dere<i

F ‘;—:Q;‘m—dmtg_ ‘Se thc; ;;;ﬁﬁleuléwable i‘or thhls_ '—s:z;:;;lc to remaln a+ heln.um *empéi‘é{&; }& o
helium éryostat for making better measuréments was built but has :_n_;tﬁbee.n put. 1n o
u 7 . working order ag yet. TIn .any :casc‘? a re-sPOnse .,we;é obseméd- Whic,h again i»ncrc-;;se@

;_‘,. E'i‘gi toward the absox Pt _ion edge,. but. the rclaﬁi’xfe helght of tho_;gbak w;th resvect o the s
j§ 7 tail region ves Tess. - T B

g . . - -
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o :-’ - Shuttezed _gggegmem- ;era also per fo-'me& on vol.crles.,_, inmure s-mgle B
(j) - crystals® of zinc-oxide. lLong-time photoconductme effects could not he observed i f
~dn - these crystals, smce llght :mt _ j } s_ sufflclent tu cause a cOnductivity _ ‘ f*;
) r'hange in the crystasls also warmed them appreclably. N01se, preomnab-ly at ’che" “ 7::-:—-:\:
: contacts, was also present at a muc'n higher level than that obser;réd in the s:.n+ered i
i Specimens-. Figures 46, ‘47 and 48 show respect:«vely vericaclon of Ohm'ts"'.l;an,-f‘"_'j ‘“‘-'f--' -
= - response to blue llght as a i‘unctlon of impressed constant D.C. current an&
reslonse pexr volt as a function of impressed current. The last curves are 01088 r :
to belug *‘late Pig gure 49 shows. the erystal response per voli.as a functn.on of ) _E i
— _ﬂineidentf wavelength, the response increasmg ’coward the absorption edge. "f?,lf-mm”_m_m‘,_w:
- ) __p_arlson, ?he abscsrptmn curves of MO.L 2 on sintered material and of Me-lnick on
these erystals ars included. o - R B
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& . - ¥. Experimental Conclusisns ;

L ’fh‘é I 5 _ ;

& \‘?&? ' ] ] .

ﬁ : Befcz'e- summa:cizing'; ona more experiment should be cited hexe. Russe1124 .
T 7:»0._‘;..:'7__“. s ) _.- _'_,\: = ) - " . o 7, - . — : ‘—;.
BT found that 1llLun1nat10n of a s:.ntered eample during Hall measuremepi%;s ehanged the = ~ =7 7
B SE SE e

ij’" conduct vity b:; the e@ectea ambount ,,fbu"; the Hsll coei‘ficlen’c was unal"cered.. This .
;?; . ca‘n be terbreted in two ways. " Since PO‘N }u where R is 'the Ha constant, (O ’
'_'i“

i "s the cenductiv:.ty, and r»&s the mobildty, ].1 increased proportlonately to f} :

e - SR [P ¢
t i\."f smce the Hall ei‘fect measures the_.bulk propert1es of‘ the material, whereas

o

. L . the conductivity may measure suri_‘ace or bar ier layer propertiss in an inhomogensous

ﬁ;{. X matborial, the photoconduetive effect may be a surface or barrier phenomenon. This

2 - SR A S S S
- point will be discussed in more detail later. ’

| o . K ‘ : : ' .

BE In eonclusion then, thrée processes definitely coexist in *hc photo-

‘fi{;' conductive effect, of the order of a sccond, 5 minutes, and 49 minutes. ZEvidence
- . - . _
£y ° ° PR - =0 -, ) B
i‘_i is also given for the possible existence of a 1 minute .process, and it is thought
E?; v -

(=] ]
v = ,“at processes may ex:.st w:.th time constan‘f's o:f’ 10”7 =& or Q07 4 ~scconds.and 10° 6
i o v Y.
. s .
L 10 seeonds. { Tne lat‘b“r would explain the .x.umlnescence truneimens ) Both
i ‘,s:.ngle pulse"and shuttered measurements 1ndlcate an enhanced sens1t1v1ty toward the "
;?} absorption peak. Shut’cerad spon g2 is not ~3’_ ificantly ﬁepe-__ent on temperature.
ool We shall now attempt -to give a t‘heor'etifeal i-ntei‘pret'at'ion of the dbServed
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@3- VI. Tneoretical Models of Photoconductivity,

SFe 0 N - = - P e . 0o o

"GP T
v
]

S8 Err]

o _ _Taa tYplCal insulator or scmiconductor one has a band-—modal energy ]
- — e e AL At e e — = foat
4 | e 5
diagram which in its simplest fofm is as shown in Flgure 50. The model contains *%
e TTTTTe RIYISE band '-ccnsi_sti-pg of--giates which are non—conductmg bscause they als fi Led,. ‘5
a conduc‘hlon ba d consisting of uafilied states, and = forbiddon cacrgy roglon TEi
— 3,
tetween tho bands in which no energy levels exlst in the case o*’ an insulstor or ) %
" . - s <4
2 i
wmich contains only states associated with impurity a-‘i:oms 3f.'n thé case o’f ai »’
‘ : - i o
iy exbrinsic semiconductor~. Electrons whlch by some means attam encigies assocna*ac: 3
Fs Crh - L
wie— .o _with the gtates :Ln the. conduetion band are free to move tnrough ‘the crystal by a i
X R :
e “process of being assmiated with the onergy configuration of different lattice atoms .
=S S 8
4= successively. In a simila® mamier, a doficiency of an elecnron in the fllled ?\azd &
can move by the successive filling of the deficioncy with electrons from other N
: £
tates in th@ band. S.u_ch a deiﬁ‘ici-ency is known simply as & "hole", and the process
. } i
abovo deseribed is tho motion of a hole through the flll@d hand. 5
' - ]
I ) At gufficiently high tomperatures, corresponding to an energy of the = - \
- “order. of the width of ‘the forbiddel Togion,. CLECTTYONS ¢an DEe CXcited LTum tho States = =
’g - of the filled band by thermal phonon -coll-mslon into the empty states 'of the conduc-
A tion band: The eloctrons are. then effectlvel frec to move and the holes m*" or
= 8 v -
- -7 -
@ B i . R
B ___ _may not be fréc t06 move. 'I'he dmucted motlon of elther type of carrler 1s manlfestsd '
,\3\:: i = v ~ et - Tl - - Gmm et - et ———
“af?«“é %0 Of L ;t OV Ll_the matc,rla_i_., i L:;jf “=—=—?;; Sl et
T : S - R S e -
) In a manner almost but not mnte analogous to the phonQn process, an
ﬁ‘j - J.ncide"r'c photon may excito an electron ©6 the conduction band, The elostron, and
e possibly also tho hole romaining in the filled band, is then frée to move in the
dlrectlon of an applled £i01d until such time as the eledtFon '('.an_@/or ho}.e_--)" is
trapped ,i,)fy'- ah 'impm* ‘ty Level or some other vce-'n’terr or unt 11 recombmatien of the :
oﬁ:e“c‘:ﬁion wx‘r-:Lth a ;ho;}:e, zoécurs.-. Sho.uli.d i‘ecémﬁ.:i—natior\ ocsur b‘efbre t-h@ earriers lhiave )
reached %he. contacts,, the togal r'hargo meadured iA thé G».ternal g,ire“u_’l‘t Wil bo ] ﬁ
3 A phonon is a quantum of lattlce vibrat:e ona‘l energy. A more expli&it"
definition may bpe found in the work of reference 35.
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: _,,\, equa.l to the ﬂharge of the i‘ree carriors times the ratio of the average distance
B (AP .
kg

_moved in the cond.uculon band durlng; their free time kt_c the len_'g-;bt} o: the s&’gle

e

e "‘;oﬁid the dzift. ﬂlﬁsta,nca of the carrlers "excecd the sample dimonsions, the CHArEs

Y

B ) measured externally is de’cermined by whether replenishme bment ocours at the cOntacf”
?’ 1.e. whether it is possxble for the charge carmeru to funnel thrcugh ’che potentlal
g‘,‘i - ’ ‘;oa}-_rmg-'zfs at the comntacts., . | _
%: Further, sho.uld sither type of charge vcarriér b easily tv_i!épned while
=
EZ* , . the othor type 1s free to move, or should the goometr:y be such that lﬁgf conc,ur.'
%»; | tv‘ ‘blO’l gradients of cha—r.ge of one__s-‘igl can occur, the obgerved -currents will be
‘E} . eond‘itianed by the space charges set up within the ma_-terial. An éxce_iient discus-
ﬁ;‘: ) si-on‘ of many such cascs is given by Rose, 20 yho also derives a gene;al bt as yet
51 . qualita‘t-ixte means of discﬁssi‘ng photc)conductivity in tern;ts‘ of' the mot_ion of a ' -
i , ,

©

-, z

_qgas'ieFe_Mi level through varlcus mpur:.ty 6.131',1'1bu’cions° It is our 1ntent10n to

— I = “

aame type of obscrved phenomena through a mfferent apprOach by

o

‘describe much thé

-

examw_nmg the kmetlcs 2% she processes iavolved in pho’coconductlvn.ty.

It mlght be mentloned. here that a smllar attemnt tc descrlbe the pho vo~

J [
:.». "
i a ¢
: A
8 | AN Jhah | <l € ol
7
A
H
- C

conductlva.ty and llmi _"s"::' T 1"1 cadmiuvr -salf;de has been madc by Broser and

uJaI'Inmsky3 and _in simp;lggar i_‘:as'_hi;éu by Gildart and Ewald,26 on. the same ‘ma:te:c_l-al.

-

H o quantum exciting ¢ 'an elec tron from the ulled to the COnductlon band, - B S

Bt S s PR UE VE S Al e ¢ e e

For simpl icity, and smce i% is our final aim 'co aescrlbe zmc c-oxide .

A
Aty |

©
.

25 G r
. Y
%) ey
i

here, we assume. that _the holes le:t‘t in ’che filled band are not fzev %0 move “or

ong-Teason-o bthenv_“_mhe*arszumentJm eas;_ly_laﬁe_ﬁganc.rallzed for free holes.)

o s et

The. ra~te at which ‘e-]:éctx‘ons are x*’ted to. the conduct:ygn band is assumed propor-

_ulonal to the 1nu1dent :L-1 g,ht m’censlty, L.

7 S

The raté of rec-.ombmatlen of’ ‘conduction

, eite_gi’fzfons and holés s_hou&& bo “ropoftional to the pfodact of the hole and e;écn‘cm'n'

Kk
el

i .cofric':c—n%tr-.gztibf;s, which are here sgual, n. We_ can ‘51:1@11 Wri?te; u’:‘c}r ‘the timé raté of ‘

. ! - t
.

_ phange of fhie concentration ¢f eloctrons in the conduction band, 1

e - =0 5 i

2 ? v - C
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Lét us assume the proce-ss shown in Figure 50 cof an jncident Padiation : .
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say room iemberature. The additiéon ‘ojf light then. inercéascs the condu

. RGN, T ey g e =T ME e pae W S T e

W e S e Tl L ey, DR DR, e e S, S TR R A PR, ISR R W

i <3 ‘;‘/-::-,Q_J-—-——*;:’f,‘ i T ”“M. . * = e B =
e o o o T e e D e S R
e . ; - 24 ~ - » S
R . e @agoBs® |
t‘} ‘_“ '-:5'?" ‘ - dt = A 4 .D n - kl)
"3 ~_  vhere A and B aro dependent ‘at least on temperature, but will here be assumed
N B censtant forggm;ﬁa%;.% T oo e e o ' o
9 o n Equatlon u.) 1llustrate.> the ty-pical bimblemllﬁl‘ :fecombinatio;; 'pyoces_s
[ S i L v e s R ’ e —
S in wh:n.ch the recomolnatlon 1s proponﬁonal ‘ho 'bhe snua:e of two ¢ ,centrations,.
" . In equlllbrlum w1th llght the dorivatlve is equal to zero, hence
G e = fa":l.)-2 | B (2)
? -~ —.or; sincoe the condudétion be_{nd eohcentration is related to the -conductivity by the
3 . h ’ ) = 5 b ’;ﬁ
i ~lation : o 1
3 ‘ g =nep’ | (3)
% _whero (7~ 18 the conductivity, e is the eloctronic charge, and p is the carrier }’
% - ili’cy {yeloe ty/"“it field), we see that the equilibrium ¢onduotivity varies.
i “as the *square ro.o-'i: ef the ‘incident light intensity for constant mobiiity. R .
L T ' ' ;
|5 4 B |
[ 0 - = - - s - 1
{4 ' Integration of (1) for the rise when the light is initially turned on
¥l
3 . ) . .
oo oyelds - )
“ . _f n = ’\/ % | tanh { R -—- (Bt + c.oﬁst.,).j '_ {4)
%i Where the constant /can be evaluated. from the 1n1t1al conducition concentration.
_‘,ﬁi
£ For the decay L = 03 c.ountlng = 0 frcm the moment the l‘ght is turned
%—é’ “‘ﬂgﬁ*‘f“f“,“o’if, one ubtalfs- T T . l i s = S -
%;; —““f*“-“:": _.__“‘fj‘t*“*‘" * *“'_ *" “n—f» ‘“Bt“""" NST.e }“‘“ T T Ty e (5) TSI T s s 2oy
%,g . yvheu.e the constafxt can be evaluated at t = 0 )
g Thus +h‘$s simple blmo1 ecm.lar process is characterized by & hyperboliec
i- T tangent rise (4) , ‘& deCdy of Hyperbuiic r.or_m.'(&)-, and eh eguilibrium proportionality - -
[ _ of the conuz_zv lv-at'.'y' on the square jeet. of the light intensity (2). *
i3 o 3
;r,; On the &ther hand«, cases exist in whlch a monomm.ecular reccmbmatlon :
dg . : *
l @;/ can bo postulated. For example FJ me 5la shows: an n or donor type semiconductor :
1n whl\,h N electrons/cm are in the conductlon band in the dark at some tem miperature,




= - 26 - :
Zf» tratiem by an addltlonal amount. n, leaving n holes in the filled band. Or, in
Figur 5.LD, ccoptors or frozern=in lattice defect produce a d4ark concentration of
g - cboles N 4in tha filled band. TFor the case of Figure 5la one obtains for the con- =
fj; ductmn ‘band ¢conééntration, . S . B ’
& R ) N ra) 4L -BN + aja- : o8y T
JF . - at ' : -
i . while for the case of Figure 5lb )
o5 . ~ g = A L - B'n(‘\I + n) (7)
i d*
v’_; - - - — _' o : o P - v
e .- mhere dgaln we,_neglect the temperatur\, effect and assume large numbers of states
§5 :L_n,volved compared %o the cwn-c;entrat-mons mvo.we'd in the photoconducsive proecss
gl . .
e alone, so *hat A and BY may be considesed constant. If then in elther {8} oxr (7} g
e . the conditionsg N = consit. .>>n; aro gatisfied, we have B .
i & =pAL-Bn {8)
B at . . . . ’
\“ég; where 4 and B are constants.
; Equation '(:8) is of the monomolecular form since the recombination is
= I . - ,
v?\i g proportional to the first power of the concen’ci*a—’_uong In equlllbrlum with 11ght
= - s _ - i " 8 A. e . - l \
s CEa 35 e = =y - v
:? . S . - : ’_~,. B 7_ . : N
;i - and by {3) it is scén that the light oquilibfium conductivity will be linearly
. .‘,3:__% " o= ) = 7 L e 7L o c e ) - = . :‘ _"_' - . , A ~ o o . R o
% proportional to the incidént radiation ix_;fc'ens'ity; o
. - For thc rige-upon turnlng—on the llgh’c :
il . -7 - A= ‘j‘}’ - e"‘“)__ e = ==={10) S
s " S . . . 7 X TS T T e e
e ro n{0) | |
i ’ wherc nd -
i > K
- S S - L .
_?f: 7 7. For the decay, L = 0, mence T T T S
BES e e e e o e PR, I I ottt
n = consts e - . {11) _,

where the constant can be, evaluated from n(O) where t =

- 0 is the moment of shutting

- -

Tthe light off.

Thus ifi the siimple moéfomolecular case one ob'l,ams afi éxponehtial rlse

r .‘(-;3_:0:).,. an O&pOuBntla"* decay (11) and a lineaf dependen

Ge GF the conduchivity on the
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i . Attampts wero made to fxt gither of those processes to the observed fast

T and slow respenses of sintered zinc-oxiac. FOT exampls, the pnomgrapns of Figugss

é*—“ ‘*;;;; 25 lo-c;i;e;._a;s;_lg ’chey’ cguludﬁb; ?1‘&25373‘11 a s':fﬂ;le process uni:il 11: was -
L - found that the lack of oquilibrium with light, Llé j,lﬂgﬁ—:fg;:iént f.,.g,ttenmg of tize S
;‘ } ‘v mse curve and thé broad t"ace width pre;clude exact fi"ci:ing oy wne type of curve o~

E T to thé exclusion of the other. A pulsed ;Liaht methoﬁ usmg a haimonic a.nalyzer

3 ~_wag then resorted to, We will now consider this method.

= 4 E—ry BN

[ U N

[IEP O S

‘I‘he mcnomolecular forn {8) was solvod for a square chopned llght input

T

¢f the £érm shown in the inset of Figure 52, where is the pulse duration ead

4

§ 2 7,” the pulsing pericd. Using Laplace transforms, we define i n =y. where
a4 - ) .
;f "indicates the transform operation. Then

Friali Al L Rl o4 | o (12)

where ng = n(0) = 0.
i f— “ron tabies, PG =T - sy
" - - f\' 5 ‘___ - . ) '-f‘p-._ N . a ) - - . ’ N & Go '

Then s"bﬁtl‘cutmg in {8y ylelds : I

s SRR wrBY = Ao o o S ae

4 or 7 L ‘. ‘ — ._._ _‘.‘;_

: = e e ALY - o
et e g MmN ST T e — A0 - et RSN, o |- - SN U S .
= AT ATLaC ey R e

A,pp,l.ylng the defmlt n_. of z , We obtain T
) - /.- c+-ioo - T T — a T
. Y ¢ SO S s .

n(t) = o ' Z_.dp. : S (16)
. L BTTL _J . plp:B

_ Integration is offected evound a é6ntour cons:Lstmg Tof a. straight line

pai!allel %0 the ordinatc and ¢ to ‘ghe ri gh*.: of 1% in the p plans intercepied by -

& cu'cular arce of radiu R conce tmc to the ngm. : .
, . - A

v e — yn g 15 vy e

el B e e T kel ArW_mmA . M 4 e T e ma oy e WP RN g © g el s Sl i, OO S Y =



-t s e N S AR A

A% _- ____, - et - -- e 5 e T - B - S ' - -

”i L — s A—J;.-—.. —— A . — - . Bl ST e A DU DU U —— B T e —— e e -~ - L —

1 . )

3 A .

i - . . - 27 -

o e e RN . . SV
_ @ - There are poles at p = -b and p= 0 an.d singulamties a*h : : :

v

The 1nteorand does not necessarny approach zero for R »‘bo@ tut Jordan's

Mﬂ._w__u_,;@mma applies except at a singularrty. Thus wef 1lst R-@o@bu’c between si _gularlties

e 1 o :’ﬁ”"l\'}mkit?iﬁ]hﬂm&&‘:ﬁﬂﬁmgm._ oo

s "—ia tho limit. One then obtedng. s <o wm wom wmwn oo e et e A Nt e e
| _-Bt e o
- - 1 e = . _-2 B sin pt cogld b -
IR OXE ST R Il g - el .
g - L p1+e %) T n‘°|, (B%J ) T (BRrw ) (x7)
BT - wheve £ = ild,. Rewriting (17),
ﬁ | [ ‘ 20 - ;
5 (t) = AL YL e,'B.t . 2 3 é:in(wnt+5) ran
4 ° NE~TTTTT, T 7 Z ol (38)
0 where  ¢,) _ngj}_)jf . -
CE n T _ , ,
& . > ~ ) - . _ ) .
= i -After a long period of time we can neglect the transient term in {18) and
E - Reske Ty = i ('l - 2 si-ncl‘?nt‘*ég) » - o
i MERNET 2 & warar
oA o , L BN I S S
‘ﬁ . Using & cirecuit in wh: ch a cons‘cant voJ.tage V is mpv'essed on a samph"‘ “in
B = gseries with a -mad;ch:rng resi s‘cance R and measurlng the alternating voltage vr deveh
by g i o ~
A oped across the resiét'dr we should obtain by {19) .
-3 e °AL EV R <™  sin A - ‘ .
}‘4‘ ‘Vv = 05 0( 2 {w Q) - B (20)
j X ’t ' n=0 Wn&’:‘Bz"'w
v*‘é& - T T I T T = T ERTE = e Sy m o smmte o omesmoiesmcemet e eomsmml s e e r—— e s &
M;: ' where 5'\ ari& ;( dare uhe sample cross secmon aiad mng% respesctively, & is the .

lectronlc charge, andr ) '!}he sample mobilwt : - S A

my. e : i L, 34 L Y 3 ¥ =
Thus 11 we use & particular 1zght inbshsity and

; ntshsi shuttering speed, taking
_ — { Ont] 7‘]"_“______““__
measurements of Al asmg a harmomc analyzer set to frequencies w

T T

should give a response of thé form .

CONFhs X' ebmiimmebrien = e

S - F;gure 52 shows .a A;ypica1 exp er lmen _*l:al curve with the most closely £it

eurve of form (21): It is noted That the deviations are large, particularly for |
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A

f?’\ A lw"ge't‘ values of {1 o A closer investiga’iiion indioates that B‘is not a eing‘le tlme
15

Q- -

- constant, whlch is not in accord with the . or.;ginal assumptions, but which is in

S Mmammtﬁmjjhdtheu_ﬂact_t,hat several processes of dlffenng time conSuants occur

t

1
|
>
)

S e ot e o . TR TSI bneetas
ﬂ

i ,sitﬁirii'_\@éo};“sly‘." S B . o -
) ’ I.'he_ same teénnique was considerdd for & }nodei'.o? bifolécular form as .
% o exemph fied by (1). The Lapiace transform method is not 'eas‘l"l'y applicable kere i
Q o oa cause the dlfferem‘sial equation is not llnear. iassbenderzz’ obtains an appnoxim_aft.e
& selation for the_ equation ] . ” ¢
d - I o e o Lyt _““_'"“""'_““"”"”” ey T
ﬁ .. ~ where P hereﬁls the absorption coefficient at the incident wave-length. ‘The solu-
-Ei L tlons 'are obtalned for two cases, one 1n which (¥ is a function n and constan*‘
. mobility ig assumed, the other in 'whicn ¢X{ s assumed constant and the concenira-
’t'ion_is related to the current through & mobillty which is dependent on the concen-

1
- trat-ion n, -wh-ich- stem from the experimental fact that n is not proportiodal to L*

PPN U

P ‘in hght euulllbmum, as might be expécted from 2?)1;.‘“(1!1,@__ shuttered __-Liig’:.fc__:i__S L

o assumed 6 be of ‘the form L = u,\(l+cos(,.)t)

mt‘m‘wmﬂmﬁ..,“ﬂm-Jéz.v?-‘s-x
i ‘ f , & '
4

. Unfortunately, his colution is done le by a approx1ma1;1ng by the first two terms

r._’?
i

i1

R
£l
%

_).e

a

. . of a Fuurier expansion the. coefficients which were determined exactly in the mono-

- moleeulare ase, so the harmonlc analys;.s experiment whicch depends on determlnlng the

S — !ﬂwher_order harmonlc‘su could not bé performed. Tre conclusions reached by Fassbender

—Lwill be compared with those to -be obtained from the monoriolécular Holutfon (18) = _

-

2ol ,.,h_,__ o The monomolecular model and Fassbender s model demand the observed re= 7
;;é sponse be -a linea'r ar function of the inoiden'-t Iight intensity in the long wavexengvn’"" s
R - e - e - g

" §] reg,:.on. Slopes ranging from 0.87 to 1. 05 were obtalned by the author on mncwxide

for the response aa a functlon of llvnt 1ntens1ty in this reglon. " o

In -.t=h$- short iﬁraveiengt-n Tegion, :_L.e.. , that b.eyo;ad ehsor_ptien edge, -}?a‘s;s-.

: 7. bender's model demands linearity _;H_ zonsh 1134 R

portionel to L“/ 'e for constant recombination, where E, is the recombination
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ikgz}‘ coefflcienx 1. e., the power to which the concentration is raised. Qur measurements,

k
/
tl
r.

_ ! g [
as esemplified in Flgure 41, ylelded s.Lopes from 1.0l to 1. 35, wbich would make )

; 20 . - .
Jj ~» 1,8, or bumcwncuo between mer.amela"“‘”'f and - bimoleenlar. —(_R!Jee,_-‘_ points ouk _ .

that a s;mﬂle comblnation of monomolecular and‘ﬁfmoleGULar proc gdes cahnot be used

- P S O T O
to get 8 proceSS'whlch give a response proyor*ional to L where §-<: 2f<; 1 S -

- B

,o@er-e signifieapx_range.)' ?
Both models demand that the response be inversely proportional to the

4h"tter1ng,frequency, Fessbender 8 model requirino this at ﬁigh shuttéring spesl

5= e L. = -

2
%
»

{

p]

o

-

a+ 1east (That the monomolecular model requires this can be seen from (20) in

kA e 3

' _which the summation for small B and 7 is gimplified to
2 s , ‘ -
’l" v:'*‘ . 5 ~ 1.5 w2

 so that Vgyg & Lo T ..) o

Figures 36 ‘and 37 indicate that suck inverse proportionality was never

achieved even at the highest attainable shutter speeds the Tesponse belnp approx-

PR S S

-0.6 L “any slow process

:imetely proportlonal to (,._3" - One might expecs, 1nci(1entally, any slow precess

—which-is-lincar-for-t lmen“shgr‘tmammnaned eta_themDmess_lifetime glve r:q.se to a

sawtooth waveform whose regponse would vary as 1/¢0 s~ Thus the'aependence\on

(&%) i is considered eVJ.dence for the existence of faster processes in sintered

z1nc-ox:.de . ) - -

- . e e —— -
- o —— e e

A feature ef Fassbender's eguation (22) whlch is not shared by the mono-

-

moleéular-equa_tion -éited :’-;s *bhe inclusion— of the absorptlen constant i:-. the activa-.

. .-tion term. This is based on the asswption that one has activation from both the

“£i11sd band and from 2 set of levels l;,tib,g abo¥e or -overlapping the filled band.

Excitation in the filled band (short-wave side of the fundaméntal absorption edge)
does not give a strong photocondustive effect because the adtivation is confined to ‘
a emall surface layer, leading :eitﬁea: to fast reeombinét-:ici:‘; due t¢ the high vair -

goncentration or to low -carrier \mobllity bécause of the non-unlferm gnd defective:

. e ——

.pature of practical surfaces. O thé eother hand, iriddiation on the leng_; wavelen'g-‘bh
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2ide yieids 1ow- photoconductivity mere-ly beeause ef‘ the ].cm number of

=y
-

= l‘e}‘v§1§. The overlap e’ sion |

glves mse +o a photoconducblve peak su h

FE SR A

_in cadmium sulfi_é,e e and in zine oz:ié . (See _referenee,z ang Figures 42 and 43. )

A comparison of the expected and obse:misd responseﬂ is showm in Figu & 44 where i%

e oS L am - e . i e sl

e 4%.‘\3:19@;@5?@@1 4V

... A8 seen that the observed wsponses agree qgit_g _well in this respeqt mtn Eass-__,w ) d_, e |
_i__-f‘:;‘*:héh&ar*-s BORSYL T L mel nime e B o - Lg N B .z Ll T :
: ) Ros;ezo pbi:n‘tis out that "chis a-rgumen{: can be put into n;‘o;re, _g,e_neria_l lter'ms,
’ ) % the equlllbrium current as a funetion of light :Lntens:L y is of the form I ’\--_L § _
;2 where 5 1, i%-is easy to stiow from @ end d,}:/dy\ 'sha-'t a peak'is-_-ex'pecte& a:;,f
-; e v Bhe. shsorbdbion-edge. - For H-=l-ne. pealk-is- expeetedi—- e s -
j As is also pcinteci ou_t "b:y Ross,; the presen'ce- of additional states betv;c;e—n?:l J.
;é f,he filléci’ and conduction bands causes three first .Qraerj éffe'cﬁs*:'
3 S - . ;
S% 1. The photosensitivity is reduced by the ratio nc/'% where n, is the concsn-

TN

E 'tra’cibn of states effective for trapping electrons.

ey

2. The observed decay lifetime may be unaffected or increaaed by the inverse . _ ’

. of thé above ratic, depending on the trap distrivution.

P
oD, Lt s
;
;
b ' »
13

g H"if T e - P U P, ) R d:‘:rz';
B. Rasmnse proportlonal to. L ylelds 5 O.ﬁ for no. traps {strict bimolec- :

_.H_____M_nlqn_nmsssj__buﬁ_ﬁ_.&nnmchas_unltLMjh J.ncneas‘i.nad.j‘:ﬁann': iz,

»«W:ﬂ
Ihiad,

. '3

‘ fj—:“ The next step then was to devise a mod.el which perhaps would not be a’ b
;i - stric‘t phjsical picturs of the uand structure of zinc-oxide but would be a+ least ) N
jﬂ, k kS falr appr mmatlon of the phys:'.cal reality. I’c was also hoped that a sufficlent
é N J‘-"’_' humber of exPerimen‘ts could ‘be devxsed to avoid the sumerous assumbtions which.have

- -previously héd to be introduced if constiucting a mo,cie_;,g' o ST S

]  With these aims, a. techmcal report was __gr_g;garec‘i by the author ’ in which

% - ‘x: models of. Fibure 53 Were discussed:. It was ghoun in thig renort that-811 the - — —-

;.‘ 8 of %hHé rise and decay. It WES- T
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" felt though that the initial slopes may ocour in times of the o oxder. of atomic . |
/I -
’ %:: ~ %transition times (10“13 seconds) and that the physically measurable slopés may for - \
: ‘ i

tnls reason be con81derablg different from the true 1ni 1al slopeso Computations

EXERCRI P ~ e o= T T TR e v e, S

i were then.undertakun to. examine the processes in detail for a longer period of. time

o‘

| The incremental me ,a tc be deseribed in *he 91;3.9.. ag ssetion leads directly into
a consideration ¢f the proposed meéchanism for zincaoxide@

. . PR
o
o
<= - o = - — Rt X it et £ i s B . e i AT S BT =l T ™ S T e~ MG
s s
-
_ o
s -
4 .
‘-ﬂ T _ _oe ——m PN
.
- .
? . L N “ .
R
obate - i ~ -
P ” = = == pry p— p po— p— T o p— s
£1 N
3
i -
t _ — ’
-
-=f o
k- ‘
: . - «
. - — - _ e - - _ i
— N = B s e -
. - - ° " - iz -
.
it .
4 BB e e -~ U N P~ R 1 s S O s S S i e J—— - == N PR
B ;:3}
N
N 7 -
s e _ = [ESeE — e st —— e

T s

N

5 ~ -

2 N
E . ]
¥,
“
|
i
!
3
€
1
i
¢
i
K
i

R
s
i
.
{
.
i
,
3
¥
!
.

S
L

i el

T Lm0 e e s gy vewe X O spemlengmpw | TN ut R M g TN LS R TR e TWTTVLRGR e e e T % wt o - P LT r T mror




Pz Bamaiee
H

- = o () = o . o —~ - - - Ea
e N P A ' -
3 :

L

}
¥

= s
he N 2 . - —

SR D, e R R R

D o 0 O Sa—— - -

I
e
L3

e |
4
i
|
!
i
|
i
{
!
H

S e Sl
1‘(»1”‘\ : 3 !
s\'
'
9
M
s
(%]
Q
[¢1]
wm
o
I
1
I

@~
. .. , . BN = 52 =
L e : PSS et

IR
]
L
[

.VII. JIncremental Colculablon of o Photocond

oo

’

The dif‘erentlal equaulon whlch reprecents a bimolecular photgnonductive

concerned with the possib ' '

Fiqure“54 showsfbhe’meiel ble tnansi-tions° It is

n
4

?gl— 5 I’A_S;ecese;~;;&Z;e;;lified by é&ﬁé%ién (1)’%;:—;6%~i;;;;;; &ziéﬁm;;é;»;o ;ge“é:;;eculu ’iii:;::
%7 o __ of solv1ng the equaeﬁons invoi;ed in any but the simplest processes, é Qethod ot .
z uslng‘smallriecnements willeoe used to effect solution Ig ons casevof;inte%eet, ' 7

: %& - otler .éases‘ may be “s-d-lVed in & 'eiﬁﬁa'f maxmer = L SRR B h_ : )
 % ~ A matter of considerable inter¥est is the effect of t¥aps o¥ aadltionai_”'
=e§ve;efee ;mour;ty levels on'the simnle Agﬂggénduct V& progess as. 6 853x] bed,lnwthe@prev1ous “_;,M:“.:
Ii% section, The approach to be taken here wil1 be to consider a simple n~+ype semi- }

_2 Lﬂnductor whlch;exhlbits dark current at pormal operatingatemperatures. All the

"% pcsulb1e transitions between the conduction and filled begés and the 1mpu;1ty 1evel

will be examined and e slmple bat phys1cally possible case w1ll be computed. Somev :

: l.”’ ) other Lsses folloe difectly from thig cage; other situationsfwill‘require additional

%. - and more _cempl.;cao-ed analysis.

7 7 assumed that the temperature 1s such that Bog electrons are in the conduction bapd .
% ) 1n the dark 1eaving Dig of the N total impurity donor levels filled, while 1ntrin~

hermal exc¢itation of electrons from the f111ed to the conduction band will be
:teken as x.*.eg?ta.gl-ble.° _
: _ .Transition A is an optically stimulated éxcitation of an electron from

“the filled to the cdnduction band,

=y eaving a hole in the flllea band whtbh for
e 7 ) b1m.phc1ty will be agsumed immo Lle,* Transitions B and C are effectlve between ,
. f__;;; t?ﬁ_FEEQEE#E?E;E?Eg_ﬁgé-szii—e— fg level and in the dark cause edquilibrium betwee:

the_twow D en@ E are the recOmbinatienntmansitions between conductioh band or

. impurity level and the £illed band, respectivsly. For simplicity one of these
trans1tlons, B

E, will be assumed nenllglbly small in probaugllzy. The solution f
g:} assuang the ather transit:on, b, small and the first Iarge follgwe in exactly “ ) 5
s W sm e e B am e em e e G e i e me e - d~m—--'~—~~~-,-~=-~'~~~.~? l'j__'_‘_'_f
* The liolse could be trapped for cxemple, in. an impurity level immediatexy
above the filled band. -
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S S ,A'Phe“i‘undamen,talﬂeaua‘hlon »fm: the t‘imw rzate of change of ths-conduct
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-~ - -7 ~band es;ecw::r.on conCén‘cf,‘a‘iﬁib’n can-then ‘ae-fwfi“é-‘c‘en’ss:«- e TR R L

AT - . -3

um = e 7-‘....{...__..“-__.,-.4;_..

&y the same manner as the sol.ution to be pfeaented. r“o ‘nelud:e both D anﬁ E simuitan-

e.ously would complicate the SQluti.on -'consideraomyr i

dng
4t
where L is the incidert light mtens:.ty, assuming uniform bulk excitation, The

= AL - Bng(N-ng) + Ong - Drghy, ' ' . {23)

erunerature is assumed to be held constant so that A, B, O, and D are constants.

- . ' dark equilibrium L =0 and a5o/at. ="0, therefors,

L l
s P e R .t
P o "'B:lca(N"nnd' * ’C’ntd' g - -
o *’.-..b N == nta + ncd _n'o ) ij_
- ) _ . i i
e 2 = - . o .
= _ BI.‘. i Cntd ~ 1 (Izq‘l’ , 5
ile now assune that ’ms concs ntratlonsmth he- light on are i B .
n, = ncd *é ' t = ntd + 50 wheze € + ? =hp S (=8) _
'pL.b tltutlng (24) and (’)5) in {83), whexs € and 50 are small, yields
. &eas SD(B..pd = Dncd ey - e (B+D‘ ncd e £-13  (
R T 5 . 1)
. .In like manmer, writing jﬁ@_-w@l.anceior the impurity level, . ; |
1 T e
' s = Bu,(N-n;} - Cn : : ' - 1
j : &g . e b o _ o _.“_i‘\.
' %_§L ~PBogg +.0) + & Bngg - : S -2 )
.-.A@@ing.,(?ﬁ) and (27) gives ‘
- ) dn — N . A 0 R T A P o ';1 g . l
R = d‘él = MI - Dned (6 + ? ) = }XL i d Dned uh:
-; asmxs Jn:bultl’velyAgxpect@ _ N - e b
L It is @ sﬂy seen that without the impurity level the intrinsic decay is l%
B expenential with a tlme ¢constant .'_L,/D,ncd_- and tha;'t the equilibrium value of this i
“polivk of the photocurrent is A /Dncd' We let £ y = Dngg~ We also define l
a7 "‘2 . Bncd S P - 4
- Assuming the J.J.ght :mpulse i8 a Square pulse L"’.‘-’*LF(‘t) uﬁ) and (27}
become , _ ' : ’ - S -
- ¥
S i s e e e 5 i o = -~ G- S ) e O Sl S . T PR e . [ Y. o ;
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P e e FAi B S e ‘_"fBA—if’f - - -.:_f*_;;—:‘%-:— LIRS %“-—;:::' ;;f:;ri
05 . 4€ = AL Ft) + @ ( ><g -o]_ +0) - €% +r>(2) (28) o
WA o 1

T - 2

R e b A 5~a§r_ P S, Vs SRt | (29)
B P . LA g 120 N> 5 = = \ 4
T T

Sol‘v ng (09) for 6 “and subs_'{:ltﬁ_tmé in 23y,

d2¢ +(’X1+2x2+0)_ﬁ+’)( 20y + e)p
at2 1 2
=S . ... _“Zhe Laplace transforin method can now be applled to our equatlon.,

= AL gP{%)
‘Tne

Ve

‘ & ansfo*'m of the rlg’m, side of (30) with the pulse illustrated in Figure 55 is gi

and

. g - : _-: 5 1/6?“} . = 7 - . -
U le) = L oe-st w(4)a / oSt ALy =87 -
- £(s) = g e F(t)at = ALO( At 5 =g (1-e"T4) €21y - - -
- .o o
e et #{0) =0 € (0) =0 s (o) =0 by {87y thus — ——— - =
F d?‘é = 5°f 7 515.5. = oo = | (32) ,
m ...zdt £ XL s L8 :
Suostltutin g (31) and {32) in (SO)T; : e —
| Y ST g AT - I
. _ g MLXpUre ) (38)
A L S(—S* G ) (_.i_z_';gic ). : -
4 By use of Boetsch29 1,1, (85) oan be transformed to 'y1eld the solutiocn
75 _‘ ) - ‘o w "r ) ) : o C)t - =5
| 1 S A0l Lk 20( 5010~ F 1 100, ¢ (20(” % 20t g0- 0(1.1 L
, e (zanw}(zo(zw ﬁh,) S
B . : for, ___56_;<_ﬁ?l;“=_:.. _,,(-5’{‘%)"
- % o ) S
!

)

N —Q_‘ ) -.— —: 7.—' _ " —--a-.—ev-_-::.._._ =t _r ; N J. . -:_{lg(;}-egj;i_)&O(:_Te:(_‘z_o’_‘ 2:!_. _C>)_Tj;

'S ] (20(2*'0)(20(2*’0 ™) \,

=yt
o
+

— e

ad
o

e “,»
g vt
e
>
;

‘(l*.-'eH

)MI for t > ’ZJ (‘.35)

Solving (29; formé | a.nd r:,ubstrcuung (54) and ('55) for t<7’ and t > C respéc-

-~

tive,ly‘, give 5
G = AL -
= m (B gre)l e o ﬁl) .’

'(252’!’0)

(20(2?01 (9(1 3(2_0)8-0(11; 9(10(

+(=(rallgre) 1C for % <

. , -
-] — = -
kstsl “ o =
__________________________________________ R
* TTq-lnc- T‘mp'fs"‘\'q«"j r\o-f'g-[--urm -
e et S lad Sl e I ) e — ; S
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O(l "(Xl'f‘.‘

e . o
,é e é d (2u2+c)(2o‘/2+c~0;\1) L\za(z Gl\v\l sz C)(l

. -X /X (l (20 n-!-ﬂ)C) (2 2+c);”£“‘hk-’uw:. for 3 >.Z: y -—.#-”(_55,?".)"_

)

U P Y

i
.
B
b7
B
2
=
i
o

B '— DEm—
From (36) or (87) > Bl

' ' T N

) = : - f

‘ €teg <zo<2+c)(za +c-o<l) { (20001 (030000 | i E
' (20(2+c) ' - (58) LF

I, u‘

== . For . 1= 'OO) €(T) — A(X2*0) "1y 13ke manner, frem (32) or (35) for - Jg IE:
X1{2Ho+C) o Fr

L el BT - MO o tmat B +€X(T) . EL . as is intuitively expec- ST

S I o2 er0) f AR 1 R IF

P o - = , ’ ’ _ ’ - Y

We - ﬂehall now attempt to 1nterp7'erb these equations physically. Equation  —_ . BE

(28) shows that electrons are caided to the conductlon band by two processes: by

~ N -

inc;emental charge ih the mpurlty level

blectrons are being : iost from the conaucuon band by two pro~cess§s,~ a-'r_)y °
.  the D recomblnatlon proportionally to E ;md by the B trans:.tlon nropor‘tlonally
"o the difference &= 77. ) e e :
anminatlon of equa+1on (29) show that electrons are being losv aue to‘_‘ -
... the G trensition proporticnally to the surplus @ and ave being gained in the B |
o tran's.:‘t.t:i‘.on»jpmportional-__ly to -ther difference (€ ~ @). Figure 56 shows the function- 7 %F;
| . al -a-epenéencé“of each transition. o . ' e
‘ 'T‘huq_whnf_...a_hannpmng is_unat__eletctz:ons‘,;ar@_be_lng_ralsed_O.E‘b cally and _ H

B and attempt to effect a readjusiment between the impurity level ané conduct

ied bsnd via D. The t_wo-

bed. At the same time electrons ale decaying to the f£i
exponential factors in {35} or (56) reflsct these two simultaneous effects,

51? SRS B
@v ) The 1nterdapendence of 5 and @ as illustrated in Figure 56 compllcates

5 . the dx terpretatlon of 'the overall process. fLet us, however, :e‘:ga;mne, th_e 1zead-gus;t.:-.
e P ; ) Ea -- -.-_-_"~-'- "7 77- S N =,
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o~ ment process by as‘suixiing D small. :
. %w: : ' ) . - ) . ;
Lettlng ()( 1= 0 and F{%) = in equations (28) and (29) we get a decay
. “eadjusument éiis to B and ¢ alone rep;,esenuea by - - -
e ‘61@"; m;{:{ +c;ﬁ,§_ﬁ}}g T R - -
, - grrTe ,
end - B =Euy - p(pr0) : ‘ ;
dat , Yo
e Solving for € alone we obtain - ‘
a%€ .+ (20g+0) L€ = 0. .
- 4te ' dt .
This equation readily integrates giving
‘ : - . e PRV T ' :
o o T € =eomst. e AT o

~ B operates to a llmited nmber of aVallable sta*es whlle ¢ 1s a transrclon toa

for the decay. Thus we see that the time constant associated with the decay of

| : o 1
elsctrons from the conduction band into the impurity levels is i/ ’?ﬂ( 5 .

This value is understandable in view of the ratio of B to C as :{lluetratec‘l- in {24,

and the functional depenﬂence of B and C as shown in Flgure 56. In thls model,

N = 2 o
A

rn,,e‘arl\y empty band, :, The tMe constant for ‘ﬁhe ad.’j ent process con‘bains the fac*‘or

R
TR

e sy
5 Rl e
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g
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e

gt o oen
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of the normal dark equilibrium.

A better understandlng of the meanlng of the equatlons derlved can be

o 2 because 11; ie the rec:,procal of the sum of ¢ p_Lus the € Dart of
e Blaggt@ )2 A Bn. 4 8 Bn € , . where the Bn. term ispert
IEFEQO S ca ca'\» 3 R Q ol p -4

. obtaln,_ed from exanination of (56) or (;5',‘}; Por smpllcxty we shall consider the
;\? decay sbove in two cases, the first when the theimal readaustment is fast compared
2 o wu:h the 1n1.r1nsic I‘eﬁlleibi]f}‘a;i]__éfllﬂinjAﬂlé; f‘i?f_{lfi __v}ilen tne thermal readjustment is -
i T alow compared o ‘the intrinsic decay.
" e B vLét 1" =t -T in (37) and let fappnoaéh infinity.. Then t°' is
:5% the i;ime after turning off the light after eciuilibriw.m heve been avch‘ieved‘. The
4 & r‘ex;p'x?e:’sssion for € i thie case is ; ‘ N
e . =X )t ' O B8] :
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. Where agam, for b’ =0 we nave_tne' saturation x}:ai.ue’b’_"""" e e R
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'Here;the,decav is snparated intgo two undersuanda bis uermswi The first
—tetm on the right is small in magnftud . compared ﬁo the secnnd, but rapid in time

lependence. It represents the rapid readjustment with the impurity level. Thé

: ‘tecond term on the right represents the slow process of intrimsic decay from the b
saturation value, which Is thée conirolling effect here. N . 'Q

e 8 e 4

B J(l>><3(2 FE - e e e

: o : RO Lo {805+ C) b \ “
£ = P L .ffizﬁir_ 8 (2Xz - (41)
' T i L l‘\(-.-z.(-)ﬁ ztcb

“ - . - | T i
. - In this case, where the D transition is much more probable than the B i
a ) . B il’
Affansitipn, the first term on +the right represents & fast intrinsic-deesgy from-an -———~-g»
equlllbrlum valus Whavh would be obtained if no 1mpur1ty level were present at all.- %i
SO ")'"_“" i "_"’;""‘”‘““_"“—‘ e - e ;;"
- On tha.oxher'hanu, the second term on the right is a slow emptying of the impurity J[
LS ‘ o e - . . - - gu
- ; . e LTl OE, eOm e P et i _ Ay
levél intc the conduction band starting initially with the saturation value of @ T 3
S .(uhe coaff1 ent o8 ths exponential in the sscond term). in obher Words, il Hhis = %f
. ~case the couductlon band is emptying rapidly by the-inﬁrinsic-recqmbination of L ;L

- " _ ccnductlon electrons with filled-band holes while the i ,fupur rity leVel'is-SloWiy

153 ki
T ”Eelea31ng eiectrons into the conddaction band. T i

Figuré-ﬁﬁ-éﬁows‘ihé general shape of the regponse to be expected-cn this-

.. model with a iigpt inpup as shown at the top of the figure. The dotted»section of -

the éﬁrva'indicatgs a case in which the light pulse was long encugh to allcw-the
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T T s o T e vimge e T
b shuttering are shown. It is to be noted that if saturatmn is achievad, the
decay s...ons is the negatlv“ of the rise \10935'* The valuef of € s is also 1nd1ca-
g:: T e S BN . y e = B _ o
L e ted. If Sdtt,u'atlon be achieved, expemmentally, 1t snould be possi bl to dstermina
®, . . -
» - e T e
;i . the param-te_rs of the modsl by f‘ltting the slopes and. sat*.ration values of the
? . experimental curves. ‘ -
@ T =
L . ‘. The coacluslons that can be drawn on. the effech of addmg an imp urity
8 N - ‘ -
level of the *"'ps descrived are sumarized as ffollows:
Yo - , .
8 1)y The ef:tect of the add:.tlonal levels is %o reduce the egquilibrinm T
L2 - -
%f.; ’ : p . 2F C 3 : ) T ’
e - } ) re\sponse by a i‘actor —2-,{—-5— - which ranges between + a2nd 1. -
= o i -
o
b ) 2) As was shown in oquatlons {40) and (41), the decay always consists
o , \
[ . ) . o — .
‘3 of a r’elativeiy fast exponential sSuperimposed on a slower 'deéay is
;
b _
b J - elther the controlling part of the process or adds a "$2il"™ to the
: ~decay. Thus the observpd decay conqtant may be longer than the
ToorL 1ntr1nS1c decay constant unless pai;\,_, are. taken to resolve the
Lo es i,tgzprproce_ss\e_is\, e T e e e
T = —The— ab'mﬁ-m(}ﬂnl-,:__;éi_\_; ane;xMAdzneemeut_w:Lth Rose 'S statements clted 1n
VO me ‘previous bectmn wherec the decrsase 1n sen 1t1V1t-- is at nest —12— 1n this
—ﬁ-“é'm . : e e e e e ) )
P ‘model. The third effect meutloned by Rose does not apply here, slnce we have
g’“; ‘""’”“““ﬁs‘s\'ﬁ“d,agr in ementa‘ m'oees:s m a large dark current mauemal so that J.mcantv
r{”i_{%»/v‘o :?;«“ __~<__, N Y . N .
;;*‘—ﬂ T =EgE vnesporxse wlth 1nc:1.den*u “Iighb fiﬁféiis’l,ﬁyumuﬁv TgsuLtT T T T e s e
) }{.;; : — S ' RN 7
.‘#%-—%~M e As mentloned prevmusly the cal j.a ion can be . applled to othar cases,
2 ~~~for exa:ine, t‘ne substltutlon of reco*nblnatlon ad cordlng to E rather +han D as

T shown in .L*lg,ure 54, TIn This f"-as'?‘f“fﬁe“o"ataius’ $he-same—type- r.if;e.qx_ ations. involving
K The decay slope for a pulse of arbitrary length T I8 mss._’e (_.ompllcated viz
s el 0 - o o N L / ; PR
< - 4€ = AL 1 o =BT -\2’3(. +@) T
s e - e —,-,-- 5 2
. ) it 9,5%1%20(6 ‘ (- (,( 0;2+C)(l (,(l’ﬁ )6 *(X

1 Mg o . : S
LEER 104 2+C’)t")t1-'}(l+20[2+0}\(1 l\)ﬂ(%zj)/tﬂ -4 =-*~aflf+2§5{2+’05)' f e {
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L F(t) = Bugg€  + (Bngg+0) ¢ “and

= S 1A S L i B
by . . .

i"; - -t S48, o € (Bn.y-—=En, ;) - B(Bn,g + G + Bnya)

ig R at I Ted T td ) —=ed. ‘ =5%d ’ S

:i'fj‘ ) N . . . - . ) ) ) . . A ) . . X . . )

e . pepladihg (264 and { 27) respectively. The remaining equations then take 4 some-

_-j'ﬁ‘g‘i_.._x — s PEp— ‘ e - = I_ s s e e o e 3 e — el [ QT DUURGIUT . DUSIUN -, ISP - —
' .what different rorm, 1.6., TNe INTTLINELC LOIIl NOW dPPEALS il CiS W Iaeasi widd uig P

squation; but the method of solution remains the same - _ g

:
v — e
. L e e i s mE B e em e dn e e e e e am ln ok A e m e e G em e o ed w e S 2 )
- ~— H
H




v - s

e e . = e _-_-~_~__- e —— e "“_;:,__‘ -__i
i S e
ﬁ . St o — == Sl - = & Se=—=o= = ——ci £
o
i - ¢
j - 40 - '
R A L e e, ST T
| VIIL. Interpretati"n of the Unetooonaucnon 111 Zing_—t‘)'xide T T T
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i The caleulation of photoconduction in the previous section yields only
oo S e I e v e 18 1 mfmam —md Smmsmusdh  haaniemds A
g proecesses oI m@nomo.z_.ecu@ar forms; 1.8., SXPOOGHLIA&L TISSS &l USTAYSy ool ussé oF ~
k e o e : L e e e
F. the mcremen’cal nqture of the solutlon. Unfortunately. the effect of largest
Be - . - . .
& megnitude in zinc—oxide is the slow bimolecular rise and decay illustrated in
! Figures 10 and 14. To explain this process we have to resort to a method of
i ' o ' ' - - :
§ . interpretation-which is somewhat intuitive since the exact equations involved
£ o
L o B : e . _
y cannot be soived analytically.* ' ] -
i The model o be discussed is shown in Figure 57a. The similarity to
het ; S ) ;
g . - . .
2 the case of Figure 54 is svident except that the states in the forbidden region _
K _ are now nut domors but tPaps, i.e., normally uncharged sites whieh can accept an
k2 .. .. electron. Transition E is preferred here, In a manner -analogous to that of the
14 S = - - : . v
0 ‘-e} o - N N - 5 .
5'2 o Qrévi;ous S'eg’c'i'on We can then write for thé time rate of change of conduction
E; 2 électrons,
; : . & - o -
;L% e QN )
=TT — = AL - B'n;{N-ng) + Ongy (42)
: . at .- - - . :
lgfuﬂdbu~7ﬁﬁffﬁfﬁﬁﬁ“unuglETﬂf’f::l_ - B e R e e o e
%F.g‘ ) - . ] L v - /-
Qi _ S B . B'my{N-ng) - Cny - Engln +n,) (43) .
‘;’f’é T SR Ad,.'t”:__: . o 2 2 — - -
o Since N > n, we cen write ) i

B
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B
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e
L

DA es om0 s e e

T = Bnl = ‘an - En (nl+n2) , i | {45)

for the conduction and ’crap Ieveis res.hec**lvely, wheres B = B'N.

.'Equatiorr '(:45‘;') is quadjra:t'??.-f in the E te'*m which makes smple llnear —
dnalysie imposasible. ufe thug work with limear combinations of (44) and (45) which ;
bre easier fo uhdérstand.

Tho sum 13 + mp repreconis the botal number bf oxeited clegirons {or - ;

R - e . - ¢
-E*:e"":-ri-i-,"%'-.-‘—:—-‘-———/——"—"——""“"—:2';'—*:"'.';;-"rwfﬁzfé!';::‘ " ?
This part of the theo:;y wag developed in conjunction with Mr. Domald A, Melnidk o
of this laboratexy h o
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_ chq'transitibne B and C effect a quasi-equillbrium be'tweexi the conduction _

e

R

e g

band and “the trap level. Assuming the recombination prebability of E to be small,

by {45) = quasrequlllbmmn is obtained for

T R B-nz - - o (47)

= o -

AN

Ay ey

RN

TR Em‘fﬁf

® o7 any (nl’rnz‘) at any moment.

G .
n) - F-Bg then is a parameter measuring the

" doparture fr’o_m -q;tiasi-equilibriurn at sny moment .

S -

‘From (44) and (45)

,,
A
s

&
P
]

o5 (m= 2 1) = 4L - (B+0) (my- § ng) + S Englmprng) (48)

e g
v e

L ' - Since the tem{ %En (n1+n2) has % which will presently be seecn to
? o be somewhat smaller “1an one and since En {r l+n..) varies be’cween zZero and AL,

3

S0 e . o

- 'in iiv_h)at _-We jmill' é;e;e‘i;s a long period, this term is szlou‘:ly varying‘ compared to the _

other temms, hence we assume the E term of (48) to be relatively constant. Tus

a0 e - N > ~ s o —~
o o o A W = U R S
=2 - - cgguation then is of the form, -
o R S ANV e P P - pa - A —— (T e e N .
;e - - ~ R -
A &
4

B o

Ji e g my apmy) | - @Oz o (a9)

i
i

I : ~where x = ny - B no

: L —--‘; P ;(TZE*Q,'): . L _ Y N e T _:;_,;,-_j
zv _. CONSTCoe e + B+C ‘.‘AL + -ﬁ .hln nl+n27‘j . . ) )

or Since equilibri.@ must obtam at 1:

0. ,1 e., before the llght is turnea cn, '.
x(0) = 0, J,mplylng .
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tae two -slcwesﬁ processes are a b:b-

50 minudes aid a monomolocular process of
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f@« time constant about 5 minutes;. Fe assume the 5 minute monomolscular process is the - o

oS
.-
o]

one associated with ’c’ne reaﬁ Justmdu’c e ccss,-; i.e. wa .asszmle — S 'of +he ordexr

| of 5 minutes. Then the faet that the longor time constant 1s oi‘ the order of ten _

..... = S P T et et o

tunes the shorter provides a 311*‘*1'1.’(310&'{71011 for the assumpt:.on made ear1 181‘ ’c}‘at

. P
T R IR

the B fterm is sl‘o‘wly varying. e now N!sume the exponential 18 negligible in {50)

e
i N
7 L after 5 minutes; 1.e., quasi-equilibrium is ranld y attained.
Lo “Solving (50) for n., T
1 . B - R e

SR A - - {s1)
- ~, where wWe n_eglect the B term in comparison to AL. (46) is now solved for ns with -

the aid of approximation (51):
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(53) -

il a(m®

- d : e

;“9, ~ - X "
2 where the constant is determined by (nl+n2)(0) =0. C C : )
s Examining the siow pert of the precess we hade roughly the form >
i) ' ‘;
Sy n - a - m? ] -
" at j
CH - prs . . o
S TR A T P s . =" A7 . ; 1 ’
TH which yields & saturation valus ng = ""‘ iﬁ;—ﬁ.'—‘- and a2 deeay D T T g
‘&v : e : P é ’ . Bt + const. _;
g S | .

. Bh‘t for decay n(O) = ns, therefore n = l/ {7 +*:/ L " ;s ’chus, the half llfe '
- KE ==

R

- ) L.__Q{-‘ th_e;__ ;proce“s 1s .L/‘vALE roughiv wpor cur experimental resulvs .t;his is of o
the order of 10 times 3—%5 . fTaus n the Soare réots in (53) we can neglect the ;
terms involving the squaves, ard

3 ) _

) _mL z
2(B+C)2 - {54)
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o Beasadketan (B4l winllda a h 16_11Pa . Pan {-‘ha alaw mwnnaca of M SEaldFTr. o =
LYRTZA T LVIE (WUT]  JARVRUN O BOLE T hdi Y wva ST T BT y» v--wrfro-rv m VD ] ‘
'l“ni checkq w:uth the rougn detérmination of the ha.u?-life as y‘ B above.
. n, is now detennmed ny the Lt 1.uuu i of “‘4} in \‘Su;rwnere -again the B- te m _
. is negluc‘i:ed in (50) as a small correc slon" - ’ __
JRE : ’ ST fmarE '
% S AL . =(B+C}t C BAL o +{ BALE - T
= 23 {i- anh === { + .const. ; :
: m, = g (1 R | B(5+C) = (Vs :
x o - ' B 2(B+C)” - ‘
kb ’ ¢ y A -(B+C)t ¢ YT npang '
¢ .oALEBO) - Al (B0 O fBAL e (7/BALE g 4 const.)  (55) e
B 2(B+0)° B+C T : B Y E(B+G) ~ Y BrC _ : _ i
: _— mq,uatmn (55) determines n, which is proportional to the conductivity.
, The constant as evaluated makes. (nlfn y(e) equal_to zero. We see that two effactm
: are observed ac_,cor,dingf to {55): an exponentlal prOﬂess and a bimolc culgr process,
S the time-constants be_i:ng -B%-é- a.z;d respe'cnvely.
- PR | [ze/s .
& 4 % fore, = - L wer 1 .6
i’ ‘.s mentioned ‘be ore, =55 ar}d ! F = vere set equa 1_30 4.6 .
2 minutes and 38 minutes. ZFrom the decay of Figure 14, % was determined to be )
Ezé - 0.%, which is in accord with the assumption thav %_41 “made earlier. Computa-
= ) - tion of the parameters from the decay curve of Figure 14 then allowed prediction
4 —of the rise curve to within 1%, which is better than the experimental accursey. = .
= = Flgures 61 and 62 shows tha.t the. time constant for the bimolecular pro=
e

cess is dependent on the square r06t of the light 1nten51ty. In Fi-gu-i',e 61 two

L
ey

e A TS I e < #

F curves Of the r:.se are shown, one for an 1nc1dcn l;.éu.t m ens}.é}'% ?4 t'lmes tl_latm ) ;

Nm xof uhe othper‘ ,_Smccx .“"e:;e curves, beyond 25 minutes at least should be tnnh m . N

form, t'he-time, constants invoived can be determmea from the relatlon tanh Xt =1 |

o “".«'é-.'Ze""‘?'.'kii forA larg-;;e_valuas 01-’5. Thus asymptotis values have been chosern and ﬁ_];s ‘
"diffgretice between the. actual curve end the asympuotie value in -€ach v.,ase hal bsen

’g: plotted in Figure 62.

: ,T-,hus we see that the blm,oie,-c.ul'ar time cong’tan‘ts are 160 and
7777850 minutés which are in agreement w:Lth “the fact thet the ratio should %E‘Vs“séé'i'.?é'.“_"‘“_;

——
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i ‘fﬁ% - Thg amplitudes, fowsver,. ! e e
4 u nc'b in %‘ne ::aéi:o g}-fhz %o 1. It is thought that it i3 .-nct’ the 'éaﬁ‘centiéa‘ﬁén fiy S Re B
i_hizh‘;_ %hqg'iﬁ at :?9%?;.Debaubb of tha good agreemenv of the 1est of the- oneO;y, but

i ) —:x-A;;;; the obgerved < onduct1v1ty'ma§ Qg’ibo_igamgégéuse of a fuﬁégignal dependence s
; of the mobility on the conduction bdnd electron concentration such as might be

3 caused by space-charge: formatxon or a concantratl n=dependent potent1a1 barrler.

; N The liquld-alr temnerature experiments illustrated in Fignres 4 and 8 are @
i 1lso explained by this model. Tnansition C dependslexponentially on tempergture

§ 2 ‘whereas B varics as r#ﬁ': Thus at room:tgﬁperaxure wé have —i— = ,lr but at

It " o . T B+C l.é:B_:‘

?% « - .- 3iquid zir temperature we have g;ﬁ _since © is négligible g& this lowrtemperature. i

%. Thus a fagtor of abeout 3 in the time coﬁstant-appears, and this is in égreémenti

'g with the exper1ment as is uhown in Figure 4. T _ |

% - It ghould. also be mentioned here that the mcdel shown in F;gure S7a in

w¥a

gt

-

Wthh the 1mpur1ty level con31sts of traps can be altered without changlhg the

caléulaxian.to the model ghown in Flgure g?b,‘

WY

Here a»set of acceptors lying 1mmeﬂlately above tne Tilled band mhintalns

P AN

s

Lo . .

£ electricalneoutrality whén a §et_of donors is nnhqrn tuted foT’ the originally

ol : ] . =
?"‘v's

v

neutral iraps. At nonmal and low tempgratures-the donor electrons.will'iill the

N acceptors, leaving the don.or_s nearly em'pty., ag ig desired. Holes produced by o
;:;‘:3 - S - - 4 ~— B - ’ - - ~ .
j§= optical excitation via A can then be capturei by the acceptors, thus maklng phy31eal-
;?ﬁ == Ly understandahle th asan*whv B 1s-such_a slow pro»ess, anhd also is the regﬁgp =
] - S . L C - I
Lo for negligible hole mobility. The overlap of‘accggtbfs]ang filled ban& then e e
_§; exnlains the peak of phetoconductivity at the absorption edge and the ’ "$ailing-off"
| el O R e € - RS N 23 ’ i . "
a8 into buE.VISIDle in accordance with Fasgbender's theory:as-mentloned-earlxer-
'}f{u o, ] A
= The adﬂltlonal exponentisl procésses de scrlbed in Sections III and ¥ can then be
oW
oxplained in pairs by addifig a 8uitable trap evel in thé forbidden region ﬂor*@aéh i
.p§irAgglébsa;ﬁ@q;gpog§§§gs,#grcpé§ly'picke&; The 31tuat10n is~cqmpli¢ated by the :
3 c . ) 2 E ) o e a eas S ST T — __
YR ~pp renu rrenance 6f b"*r;er layers o¥ surface TiaﬁeSxasAwiil be .discugsed in fthé :
4% _ . , H
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Slnce no deflnlte conclu31ons cun be ﬁrawn fron the experlments performed

S q
st = Lt VY 13

n o s aree PN P T . "~:; Tl S =
- e - e PR U > SN U Pt P P = 5 X

-to date pertlnent to thls toplc, only a brxﬂf outllne will be presented here.

Two delinltlons for the quaﬁtum-efficiency-ol a photocdnductive procoss i
;e;;st552, The first défines‘the guantum efflciency as the humber Sf chargé cérriers
_ pro@ucea_ner’inci:dum photon of light. The second definition defines the. quanftum

e*flclency as a response or sens*tlvxty factor, viz., the total charge measured in

A =

> T e

Lh external clrcult dLm te the incidence of one quantum For several roasons we

-shallrpnefer'the firsﬁ_daﬂihition: mc:surements on tha ba51s of the second -def
,iniéion are best performed with sufficipntly high field strength %0 chlecm all
. the. liberated charge carriers at the electro@es ifrreﬁlenishment at the electrodes

 doos not occur. If replenighment of charge doos cccur at the electrodes then the

e

. charged meaéured is proportfonal to %he voltage applicd and the guantum efficiency

s

e 2 t..‘_ [P U P, ———

ST thus ‘determined is oF more“tccnn1c~"cnan physical inverss

TR A

_g e - Sucondly, the presenco of dark currunt obscures the 31gn*f1canco of &

'g. - ”“9“*Um_ﬁﬁfléaﬁncv_hdﬁudbgn charge na331ﬁéﬂln_an ux%urnal circuit., Tnmrd, Q;iess B
N s
%i-: j, - hlgh energy ouanta (e =308 x-rays) vhlch proauce secondary 1onlzat10n arc being used
wgf?w’.h_ _ thgge 15 roas;; t0 expcct a unit quantum eff1c1ency on the baéi” 6f the’ f“i”t'“m Tt
%, . -definit;@n 37 most ‘true rason@nt procegsas. ' .
é%tﬁ;i;_‘ ;g_j i“"'u: Lexwus_jhénuAgiing“tha duénfum_gffiéiéﬁcﬁ;_}é" as the fumber of free

i ~ N ‘ : ‘ ! T - =7
§~ " chatge ‘Le.aiér‘iéﬁé..iifodt_icg@ pet incident photon. . In the case of ifmobile holes, this
f:, ‘ is equ;valcnt to the number of Can qtioﬁ;éi;ctreqs preduged por insid¢n$~phe#éﬁjm
;ﬁ — o = . %n‘a samp%augf—%arevdathcmeeni eouillbrlmn_w1th light we must have .
i | WX -} | | | @
?E ﬁhépe Q7~-numbor of photons abscr%e&/ugit area<soc . |
sv‘:,l ".. 8 : :
;g_.,ggg . j);==numbcr of conduction OlGCuronS/lnclant photen ;
%ﬁ . n =‘concer%f tion of conduction electrons :
o , : )
| 7 = lifesine of a conduction eleetron (soc.) ‘ .

¥
+
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A
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-« If a dark concontration of c6nduct10n N, slectrons exist we. ‘havo

5 R

B~ - W o

i . QX = lL;__al: | - (57}

7] - -

el : . %, SRS, ¥ S S .::._auw-m"?lﬂ_-nl-.r L S SO S S A SO S S Ry
4 2 ""L‘;JW AT YUY RAAN TMhSivy L WIVE Wik v o T __________:::_'; PR - paall” R CPNR=RT il

9

o AV - (58) o

NG o

"
s

o

°

B J‘ﬁ :‘E‘-;-\ S

L vhere Nh is th_e number of available elec‘:tronr sd;art'es havi’ng a capture cross-

S 1

*%it . . soction C]"”c,. u is the thermal velocity of thé conduction electrons. Then

B . - - ; : . .
L. ny (5'7) and (58) _ .

>
1y

= En oo (n)y G u

[ | QT s PR (e
; ' | (¥+n) is determined from the observad response assuming a valuo of the mobility —
= . :
:%"‘ B dorived from Eall Eéasuiqménﬁé. a5 is a capture cross-—gé_é%lon determinnd to be-
£ , D
%f of the «,éi'-'.é.'er' af 10 -14 to 10”7 = 2 for F 'ce‘ntelﬁs'??e, and u = ¢ BkT - Ny s
‘:; : determined in terms of N end n by the particular :nodel assunad, wh_et‘m;. it be
3 St s
g ""ﬁ"—i“'".'_“thc simple model of F;gure §0 in which N = G, M, =n or the model Figare 54
:{ - in which N = 'n,cd,. Ny ='-Y'}- . G&unuga?lgns br;xsed en suchnamc; -éﬁéﬁc{n‘;{x@é - "w'
;2} f "&__i ..i_.i;é-l'ded' )C ‘of tho order of ;-Qé‘-'oi.kec.trpnrs/phofcon_ in zinc-oxide at thoe absorpsion
L = - S G . L. . . N o
?-..;—— - Ju,s'c., “Thus urchc.? Tl computlvion was uot cariéct [ ‘t‘h‘e—pr@c‘:@;s‘“is eﬁ’e—‘_m em o B
% : which mult iplicat ion Cai OCCur, °ueh as the lowerlng o*‘ a barrler uy an i’ntlal
3 SR SRR R RO ¢ L - —
g, m'ocoss.
D . | 8 -
: A calculation was then done assuming Hahn*s™ model of cu‘.zes of hlghly
- conducting material 1.} surreunded by a layer {3} of peeriy conducting material.
—'—‘““Thf:ﬁb'(_eul “showd in Figure 58.  $iice ‘fj"‘g <<'(j'~" W& have nB 'ﬁp’p&f‘“%éaﬁé ’
T hemally auptisd & rogion B and , I rogien 4, whoro m>> 7y
. _In thé 1llum1nated erystal N, and N-B lower traps are exeited bpi;i-céi{.: -
ly ’co glve I\TA o and Np + ng \,lectrons in equ3 llbrlum in +the .L«SSPQCthG con- *‘
g “wm‘(iuct;con ‘Sards;‘ o “ o .
-ﬁ @é - Wow since m, >3 n, we efpect thot tho excited lewsr states Ny BN, :

A AR
g5 1
g
'
~
.EU
=9
X
o
i
i
t
‘
¢
(I

——

s

- Since elsctrons dropping frém the éonduction band aré much more likely to £i11

y §
£ '
S ) :

I

«

> m—‘!l :
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3 ————uppeT- {Lugc_fn+hom_*hﬁuhlgmar » frapa in this region.  We further assume.N A < T 4
l,'%§§:~ _'aﬁd; Ny z ﬁB* l;et, large dark current. USlngLﬁp}s:modeluit can be bggw§_?33i___u ¢d_;;g_,”§
z ,o X = 252 DCf“_where O is the quantun efflclency'measured, JC is the |
* actual quan'tum;ef:-t'icz}lﬁ?ncy and :5- is the ta o of -barrier la;fel:'go—‘;;be dlﬁérfsg;l;?i ——
L S As. described in a-paper on thiﬁ.tQPiCa?l,measu?emen*s et *% by the

% method descriéea.b§vﬁahn5 indicate %ﬁ cannot be lééé than lo;g; ‘This reduces

: .ye nﬁtué éfficiency 4o the order of 1 to l; in the fundémegtal'region,'

a The value of {J7; used in the computation is open té(ﬁoéét, thg Mott and

; 'Guﬁneﬁso'value~0f o g.le‘l5 anl being thé-onoruSed. Rdsezg éhows for two ehses

Cthat ) /g~ is approximatoly 10°° where 1) 2 10° sec 135" 4 movs generel |

? argument fOT donors may be given as follows. Let N:p donors &or a glics of the

j -filled.bandﬁ be bb in depth. L&t the Permi level b6 b in depth.r.ﬁetailed '
§ o _ belance in equilibriun vields 7 e ;’

%‘ - néNP (l;ﬁ-b¢T) u 7 = N O e-b°[ﬁ | ; 7 ‘;:—“
? ;ﬁﬁﬁgéé n, “?coné;‘;;;nfbgié.;oncentrat;on of_éié;;;;nshha;;n; thermal veléclt" u._n T
% - - -Bublit 1s.weli:knpwn thab. the _product of hole and electron concentratlons is 7 X

* i , . ~h/T__ _ -bh/m - _ R -

% - - where -Ns = concentration of states in bottom sltice, é.i sw kT ":da, of the eon- B _h!
% ,aﬂctioniban& £ L@lgngo)z/z n"%.  tnus _52/(T°c_¢ N 1678, yiel&iag_QCP;' i :
?E . of the order of 10718 emi®. . ' 7 : - ’ b i
Z}W‘—_J=J“;* —V-_L;;;:;“;g;ﬁ03lon of (jﬂc.as QEAQma§_ a facté;ﬂggmio or 100 would bring T
Ei’”‘*"" _the calcuxaued qnantum effiplency into the rlght order of magnltude, 1 oy between

E} Obl.and'unity. T”e wou}d then be 10°16 30 10717 cm® Wthh is a lmttle amaltler fhén is :

am
P

==l

S

exXpétted on the EaSis of atomic diménsions for the former value and is ome or twe

ordérs -of m@agiﬁuéﬁ-lgrgc. _.aen prodicted above. R@sezu

~

points out that values

by n1m zhat smalJ capfure cross-sectmon night bé éxplained by Shidldi

.--..--,','-.,............,...;.....;.-.-..........\...-.._,__.._..___._...;..._-;..;_.,,

Sée the refe"ence~01t

'"‘ to 107 -2 cm have beeh observed in other materials. It is suggested
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) canturing cenj:cér by a poten’ca.al barrler. .
. salthough thls is no’c exollcltly indica% ed by thie ovder of magnitude .

the capture eross-gedticn nere it Bas De6il Hontionua mar. the Hall efisct ‘ei:."ii i\‘;‘s" s

v no change with illtmiﬁa:bidn,, end this‘ suggests that the photononduc’clvl Fis &-

. = . i

B . - L . . -

i surface effect which is not éoncerhed with the bulk oi‘ the material. ez

{ . In the previous séction it was showi that Bic 276 seconds and

A g~ e | o .. )

- oom = 0.4 Thus . 0 =1,04 x 10" s6c ~., . .

? Sa.nce the probablllty of escape from a trep,-as derived from thermo-

Fi . ] \

“E’é I PR 5 55 -

P lmxinescence measu:r:emen‘i;g o _ ¥

£ _ - ; P= 1) o ‘ﬂ_“se.c L CS S

2 T T L }

b . =y . 8’51 -1 ' o

. wheore ‘{) = 10 see and. tf is the ’rmap dépth, ’chvs mdicates that the depth

R ' ]

%g of tlie :m.purlt:r.ea in zinc oxlde should be 'between 0.57 and 0 69 ev. be.uew the R

fg . . cond *gi on band. .’Suchr a levol has not been dei:ected- by Hai{._'. measnremen—tsm to

S __."'34;‘_,_ . AL 5 e e a2 R '
dz*te. ' The:molummoscence ﬂeusurements new in progres‘\" mdicate The ex;stenc-e ] ]

e, _-df_"a-O-.ﬁ Tolt d;éﬁfp,_lev_,e}ig.—, On thc. other hemd a level at 0. 04 av. below the conduc- ai

v A A & e ‘ A e - . . . - -l

wi——e——««* =-—tl~0‘ “""“" wh;crblsbieie.cjﬁm uk mcasurements would __yleld a transfclon - fj

_— 'orobablll’cy of 10 n;c - at roole temperauu&e, Wb.ich ;s consﬂcrably larger than ] ]

s deberined v;i;;;;:-c_,; Y€ i .|

‘ The ex l- *1;‘3 'ef"sf,ad;es shielded .ﬁy_'a___swrgace §pteni:;al as shown in ' J

‘ ’ - - : i

. -_WF Aure.ﬁ?) w.o_uld sllow for the oxistence of a 0.7 volt decp level which would not |

fg; be detected by bullf neasurenen*-s such as the Hall measurements, since these les :, ¥ ?

o %4 - s %

e . _would by on the surface of the neck between mig;'dqu;i;sgel"sﬁin the material as shown ) ”

*7%%1 T _—ln.-‘*\rui-S-::::od:..E.ia The—0;040%. lovels ho".evel;, are_ltb,@_;g_,t to axist in the hulic of E

5: the materiel. The conductivity mGanremonts 6f Hahn® and Miller® ir-i_dicat.e.the,

1%: | p;!esenee- of 0.7 ev. ~sfa’se~'~; if the slope .-:gi'x):es, the activation energy directly.* E

;;i;i N ) The ex1stence of G 7 voi Lt deep levels ,allows\ a poqs;Lb}_e explanat&on of

d

A
3 e
C)n

the 51@0 A, lumlnescent trausmmn* ag tha B ‘bransmlon ner‘bmned prevmuslv as .

“y 7
[

ur' tivity conm

-s.&uuz.-,,-.—--,-».;._...

e'q by Mr. 5. Harrison of this
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' B . .\ o . dan 1
olectron concentration, while the luminsscence depends on Ty from the 0., 7 volt
;? states, the fact that fast decays have beoon megsured is nod _mec_zsfsis‘ﬁvﬂ-““% the -
e o -
G ~~»wnuwwuuuu‘,;iv‘s"r;e-*suxcncnts-; it ig entirely prcbeble that a long time phespher- .
9"061106 Of low inteasity. exists. A‘ctrlbubmg thls t*'ansitlon to gtates on the
S 0 g = e ool Y A oy ot e e —a L o = =
. ,”U.I'fa(!b is not necessarlly in dlsagreement wita the fe"Ct that the transition is
: ob,Sexived in‘ the impure single c:ey.stals previously ;descrlbed. Microscopic obaer-
ionsg and a hysteras:.s effect in the conductlnty determmeu as a fvncuon of
- - N - ‘e e ~—
) %.. warature indicate the .exi's.-te__i;_ce of f£laws whlf:ﬂ. mlght be tl_;_e 8ites of the_s'e
states in the single erystals. -
° . : .: et P e e - -~ DR —— P —— e A e o
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It Has bman denoustrama that at 1east throe procasses oceur sirultan-

;xﬁ' ;', ,7*Kv._/g41 J P s “L‘ ij&:‘“ 2 e ‘ [kl S = = e s

T . G IGGUTAT swtTa
B : eously in the pﬁoteconductmn of z1nc-ox1de . A slow b:.mo.!.ecu.Lar pvoce S5 with a s

3k o o

: .

;decay constant of - 50 mmutcs, a L.enomolecular process of B minurte ;consta’mé, al’l’d

a mOnomolecular process of 0.3 scconds constant are observed. The ex:‘cstence of

& . , fother processes of the order of g mlnute snd of mll.\.lseconds is also suspected.

v § _ .

s\ 'f‘ LG responsc wt modulafeﬂ llgh’c ané mth s1ng1 pulses has been shom to Teseh :
" 3 . & maximum at e fundamental absorptmn edge. The phot’ceonduct’lon in single

yi—-, - i -- - _

ey

S— ;u—ﬂrvstals auc'l at liquid air temperatures has also been oxanined. - e

T e ‘L‘Ls thoory of photoconductivity has been briefly developed and two

_mo@els have been constructed, one of which explains the coex1stence of a mono-

155 AN B O I L

‘nmolecukar and bimolecular preccess in terms of 'tri"ans.itions %0 an impurity leve,l
situated in the foérbidden energy &ap in thc energy band picture of the material.
e ..greeme“l’c with experimenu ts shown o be 00d. me add ﬁiffn-*i::&ﬁ"‘ﬁiéie'éﬁér PTG~ e

3
o

%»f cesse’s may be expl“aine.d in pairs according to the rssults of an iqcremental
. - - : ,
o oo nlethod of‘ calcu..ahm w‘ncb. was developed, -

The peaklng of the photoconduc ‘c;.ve ;csponse at the’ absorpf' n edge and

g

ik
*
.

4ne low probability of the main Fecombiliation tFwisition are thought to bo caused - e

2
§

[

TN

B
i

:by thc ’pre:sené'e of aecepters waich act ds hole trdps, Detem«inatmns of 'the

qu.antum ef£101ency, amngr w ith

- of the Hall coefficient, seen to 1ndicate,mthe presence of barriers la,yers and/or -

Ny

gurfage States !

' y.l.

7 the simpered materials -~ The prosence of a level Qs ’7 ev.,_below L 3

- the conductlon band . suggests a méchanism for the lomg ¥ avoleng*'h fluorescence.

The depth rof this level agrees with rigasuremen vbe perlormed by Miller and Hahn.
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